BIRLA CENTRAL LIBRARY 

PILANT (BajaaitlMii) 


a«»No:. 6ZM 
Book No> j>73r 

BUZZ 


\ 

\ 

) 

f 

I 


AceOssion Noi** 





TOOL 

ENGINEERING 

ANALYSIS AND PROCEDURE 


By 

LAWRENCE E. DOYLE, Reg. ProL Engr. 

Assistant Pro^essor oF Mechanical Ensineering, 
University of Illinois 


NEW YORK 

PRENTICE.HALL, INC. 


1950 






COVYRIGHT, 1950, BY 

PlU:NTICIvAjy.L, JNO. 


70 Fifth Avvpxii^, ';^'ork 

ALL RKiHTS R1 ?VkR\'Kd1 I^) PART OK THIB BOOK 
MAY HE REPHODIK'EI) IN ANY FORM, BY MIMEO¬ 
GRAPH OR ANY OTHER MEANS, WITHOUT PERMIS¬ 
SION IN WRITING FROM THE PUBLISHERS. 


PRINTED IN THE UNITED STATES OF AMERICA 



Dedicated to the Memonj of 
My Father 

WILLIAM JAY DOYLE 




PREFACE 




Engineering of any sort is essentially an endeavor to solve prob¬ 
lems. Tool engineering deals with the solution of problems that arise 
in planning and tooling for production. It was far advanced as an 
art before engineering techniques were applied to it. As a result, 
tool engineering depends upon many empirical solutions to its prob¬ 
lems, and an acquaintance with them is necessary to expedite work 
in the field. One aim of this book is to present the important pro¬ 
cedures of tool engineering. In addition, the intention is to go further 
by explaining the reasons for the procedures and showing how prob¬ 
lems of tool engineering may be solved more exactly by analytical 
methods based upon engineering fundamentals. 

During a period of about 15 years in industry, the author became 
interested in developing more concise concepts and effectiveness for 
the principles of tool engineering. Consequently, he returned to the 
atmosphere of the university to try to correlate the practkjal aspects 
with the theoretical. From that study has come the substance of 
this text and the course for which it is used. 

It is the opinion of many engineers that the analytical approach 
offers means of presenting this subject more signific^antly and cogently 
than an entirely descriptive approach. Although intended primarily 
for a college (course, this text should be of value to others. Many 
graduate engineers today are engaged in tool engineering. This book 
can help them to make the most of their training in their pursuit of 
tool engineering. Many men rise to tool engineering from the ranks 
of industry. Often they find it necessary to supplement their inti¬ 
mate grasp of industrial practices with a study of academic subjects. 
To them, this book should give valuable insight into engineering 
methods of analysis and reasoning. 

The author wishes to acknowledge the encouragement and guid¬ 
ance given in this work by Professor N. A. Parker, Head of the 
Department of Mechanical Engineering, and Professor C. H. Casberg, 
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Manager of the Machine Tool Laboratory, of the University of 
Illinois. 

The author is indebted particularly to Dr. B. T. Chao for his 
painstaking review and criticism of many of the topics of this text. 

Considerable recognition is due to Miss Irene Cunningham, of the 
secretarial staff, for her valuable suggestions and competent assist¬ 
ance in preparing the manuscript. 

The author also wishes to thank Professors L. V. Colwell, Everett 
Ijaitala, and C. J. Starr for their suggestions and comments. 

No treatment of the subject of tool engineering would be possible 
without the generous cooperation of the manufacturers of tools and 
machines. It is fitting that the contribution of each be acknowledged 
where it appears, as is done throughout the text. 

Lawrence E. Doyle 

Urbana, Illinois 
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1 THE NATURE AND SCOPE 
OF TOOL ENGINEERING 


Definition of tool engineering 

It is not easy to define the scope of the term “tool engineering’^ 
with precision. Tool engineering is an expanding field, and there is 
valid reason for lack of agreement on the inclusion of certain activities 
within the “tool engineering” classification. The following defi¬ 
nitions by prominent tool engineers are as authoritative as any: 

1. “The Tool Engineer’s function is to i)rovi(le the machines lind tools 
to produce the product engineer’s design.” (Grant S. Wilcox, Jr., “The 
Function of the Tool Engineer,” Tool En^iru^er, May H)4(), j). 38.) 

2. “The Tool Engineer is a specialist in the design and application of 
tools, jigs, fixtures, and othei* manufacturing equipment, which are imporfixnt 
factors in determining the cost of the end procluct.” ((’. E. J. Brickner, 
“The Tool Engineer’s Place in Industry,” Tool Engineer, July 1946, p. 37.) 

3. “Determining the method of manufacture, the sequence and char- 
atrter of the operations involved, the time involved in each operation and its 
cost, the general nature of the equipment required and the fashion in which 
all this fits into the industrial j)rocess and plant as a whole comprises the 
planning stage of tool engineering. It might be added that this is f)ossibly 
the most important and chai*acteristic stej3 in the whole tool engineeiing 
process. 

“Proper and thoiough planning may spell the diffei’ence between profit 
or loss on the finished product. The efficient manufacturing process or 
tooling uj) job cannot be accomplished without competent and thorough 
])lanning. To accomplish this requires de(*ision and judgment that is ac¬ 
quired only hy experience and a comprehensive knowledge of the subjeert. 
In this ])hase of tool engineering activity is included the selection of the 
ec|uipment required and its basic design.” (O. W. Winter, “The Tool En¬ 
gineer Defined,” Tool Engineer, August 1945, p. 46.) 

4. “Tool Engineering includes the analyses, planning, design, construc¬ 
tion and application of any one or all of the following, whether they be used 
for toolroom, job shop, semi-production or mass production work: 

a. Cutting tools, tool-holders, and cutting fluids. 

b. Machine tools, particularly those of special types. 

1 
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e. Jigs and fixtures for machining. 

d. Oages and measuring instruments. 

c. Dies for sheet metal. 

f. Dies for forging, upsetting, cold finishing, extrusion. 

g. Dies for molding, die castings. 

h. Patterns for permanent molds. 

i. Fixtures and accessories for welding, riveting and assembling. 

j. Abrasives, giinding comf)ounds and fixtures foi' grinding, honing, 
and finishing. 

“A tool engineer is ])robably interestecl in one, or at the most a few 
of these items, as in high quality manufa(^turing sf)ecialists are required. 
I'jach one of these subjects is beii g improved and expanded constantly as a 
result of j)ractice and research.” (Tliis last section is from a resume of a 
paper by O. AV. Boston, Professor of Metal Processing and Department 
Chairman, University of Michigan, presented at the AtSTE New Era Ex- 
I)osition, (Cleveland, Ohio, 8j)ring 194().) 

The background of tool engineering 

The tool engineer is a comparative newcomer to the industrial 
world. Men living today can recall the time when tool engineering, 
as it now exists, was unknown. That does not mean that under 
such conditions tooling activity did not exist sinc^e machinery and 
tools are a necessity of any manufacturing system. It does mean 
that new ideas and approaches have been applied to the problems of 
tooling for industry. 

Tool engineering is one of the aspects of a general movement 
characterized by the analytical or ^^scientific/^ method of attacking 
industrial problems and variously known under such names as 
^‘scientific management,^^ “efficiency engineering,’’ or others. Until 
about the beginning of the present century the design, organization, 
and conduct of industrial enterprise was entirely an empirical art. 
Under such conditions the tooling function was assumed by the shop 
supervisors, foremen, or mechanics. The same practice is still to 
be found in many small establishments today. 

Just as there were outstanding and capable industrial managers 

yoars ago, so were there many able tooling protagonists, some 
of whom were outstanding inventors and even mechanical geniuses. 
To some of these we are indebted for the concepts of the principles 
upon which modern tool engineering is based. For the most part 
they were, and their counterparts of today are, practical men pos^ 
sessed of a broad empirical knowledge acquired from long experience 
with manufacturing trials and practices. Tool engineering strives 
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for the means to circumvent the many years of haphazard experience 
and breach the limitations imposed by restricted empirical knowledge. 

Toward the end of the last century there began to develop a 
new idea of industrial management and organization. A vast general 
increase in the application of the natural sciences to engineering, 
medicine, agriculture, and other areas of activity pointed the way 
to a similar trend in industry. A continuing enlargement of the 
size of industrial enterprises brought forth more complex and ex¬ 
tensive problems and, at the same time, presented opportunities 
for a more specialized and concentrated study of them. The en¬ 
trance into the manufacturing field of many technically trained 
engineers brought the influence and viewpoint of the mathematician, 
chemist, and physicist. So long as the products of industry were 



Fij;. 1. Th(^ function of tool (‘ngineering as a manufacturing s(;rvic(‘. 


simple devices that could be fabricated entirely by the ordinary 
high-grade mechanic, the aid of the engineer was unnecessary; but 
as the design and also the manufacture of many products became 
more complicated and abstruse, the engineer found his way into the 
area of industry. 

Among the concjepts introduced by the netv order was one that 
all those engaged directly in production should be relieved of all 
planning, i)reparation, and calculations and that those functions 
should be assigned to specialists capable of applying to them the 
utmost warranted skill and knowledge. A diagram of the scheme for 
carrying this out is shown in Fig. 1. The steps of development and 
design bring a product to where it can be maniifac^tured. The 
actual manufacturing effort is served by spticialists who provide 
technical aids and physical equipment for efficient performance. 
Tool engineering is one of them. 
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The place of tool ensineering in an organization 

The chart of Fig. 2 represents a typical industrial organization. 
There are as many variations in organization as there are establish¬ 
ments, but they all possess the same characteristic, a team of spo(*ial- 
ists working together for a common end. This particular arrange- 
merit is not offered as an ideal pattern, but merely to illustrate the 
relative position of the tool engineer and assist in a detailed study 
of his responsibilities and activities. As one of the members of the 
staff of the manager responsible for factory operations, the tool en¬ 
gineer is in a position to plan and control the diligent dispatch of his 
duties and at the same time co-operate (dosely with the others (pro¬ 
duction manager, plant engineer, and standards manager) charged 
with production. Under the direction of the tool engineer are the 
departments (process engineering, tool designing, tool room, tool 
trouble, and tool stores) which represent the major subdivisions of 
his interests. 

The title ^‘tool engineer^^ has been applied to the head of the 
division in the sense that he symbolizes its character. In some 
plants he is known as the (diief tool engineer; in others as the master 
mechanic, and sometimes as the production engineer or manufactur¬ 
ing engineer. In reality, all bona fide engineering employees special¬ 
izing in any departmemt of the tool engineering division can be 
termed tool engineers, although often they have titles designating 
their particular spe(dalties; such as process engineer, tool designer, 
or tool room supervisor. 

The duties of the tool engineer 

The general responsibility of the tool engineer is to provide the 
industrial organization with the tools, machines, and information 
t-o make the products decided upon by the management. The chart 
of Fig. 3 depicts the way he goes about doing that. Any recitation 
of procedure must necessarily be hypothetical because differences 
in details will be found in every real setup. Reference should be 
made to each step of the chart of Fig. 3 as the steps are taken up 
in the following description of preparation for production. 

The product-engineering division designs the article and sends 
a blueprint of the design drawing, together with a notice called 
an engineering release, to the manufacturing division. The chief 
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tool engineer and the process engineer often discuss the job together 
if it promises difficulties. Several methods are usually feasible for 
making a part, and the process engineer must select the one which 
promises to provide the desired quality at the lowest cost. One 
choice may call for a large investment in special machinery but offer 
a low lal)or cost. On the other hand, another may require a smaller 
fixed expenditure, because of the use of standard equipment, but 
entail a higher labor (^liarge. A third may represent a compromise. 
The final decision geiK'rally belongs t o management, which is account¬ 
able for the financial policies, but the tool engineer must prepare the 
outlines of the proposed processes and preliminary comparative 
estimates covering the cost incumbent upon each. This informa- 



EXPLANATION 

Product engineer releases 
port for production 
Tool engineers study job 
Process engineer mokes 
preliminary plan and sug¬ 
gests changes to help 
production, prepores 
estimote of cost of math 
and tools for manag- 

ment 

Upon author notion, process 
engineer writes routing and 
issues orders for machines 
<d fools, sends orders 
for standard items to 
purchasing division, for 
special tools and equip¬ 
ment to too! designer, 
for rebuilding machines to 
machine repair department, 
and tor rearrangement of 
equipment to plant layout 
Process engineer approves 
designs Orders are sent 
on for building the tools. 
Process engineer is notif¬ 
ied of readiness of equip¬ 
ment end tools and issues 
production routing to 
too! trouble department 
to try toele, to produc¬ 
tion maneger, and to 
others as a guide in 
aiding produetlon. 


Fig. 3. An outline of procedure of tooling a part for production. 
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tion may be submitted to the cost department of the accounting 
division for a check against past performance. 

Throughout the tooling study the tool engineer may discover 
means of facilitating manufacture or reducing costs through changes 
in the design of the part. When such changes appear desirable, he 
suggests them to tiie product-engineering division and seeks to have 
them made. In this connection, good judgment and an understand¬ 
ing of the product designer’s problems are necessary. 

After the management has decided upon proceeding witli the 
manufacture of the artic^le upon the basis of the preliminary esti¬ 
mates, the process engineer prepares a detailed estimate of the cost 
of each item of machinery, tooling, and equipment required and 
requests authorization for the necessary expenditures. He writes 
the process or routes sheet, which is the formal expression of the 
master plan for preparation and use of the tools, machinery, and 
equipment. Examples of these forms are given in Chap. 8. He 
issues orders and instructions for the purchase, design, construction, 
and disposition of all these items and sends these orders to those 
who must subseMiuently participate in the tooling program. Effective 
manufacturing depends upon adequate preparation. Production pro¬ 
ceeds smoothly, and the final prcxluct is right only if the preparation 
is complete and each step is correct. 

(Copies of the process plans go to the production manager to 
apprise his division of the steps that are being taken and to serve 
as a basis for material and factory schedules. Likewise, copies sent 
to the standards division provide information for plant layout and 
job studies. The plant engineer receives the same information, so 
he can supply the production line with housing, material-handling 
facilities, air, electricity, water, and other services. Thus, those 
concerned with getting production under way and keeping it going 
are enabled to c.o-ordinate their contributions. 

Acquisition of the machine tools and other equipment for the 
manufacture of the part may entail the selection and procurement 
of standard machines, the design and fabrication of special equip¬ 
ment, or alteration and adaptation of machinery on hand. One, 
two, or all of these measures may be necessary for any one case. 
Their successful conduct is essentially the responsibility of the tool 
engineer. Through specifications to the purchasing department he 
arranges for procurement of machines. Special machinery may be 



8 


THE NATURE AND SCOPE OF TOOL ENGINEERING 


designed in the tool-engineering department or in collaboration with 
outside specialists who are, of course, themselves tool engineers. 
Instructions and designs for equipment alterations logically begin 
with the tool engineering division. They may be carried to com¬ 
pletion by the same group, although in many cases that is done by 
the plant engineer’s division using the same facilities as for plant 
maintenance. 

In the tool-engineering division, jigs, fixtures, cutting tools, dies, 
gages, and attachments are designed in the tool design department 
in conformance to the process plans for production of parts of the 
recjuired quality at the lowest possible cost and then built in the 
tool room. If the division is overloaded, some of this work may be 
lot to outside contrac^tors, who are, in effect, free lance tool engineers. 
It is not uncommon for changes in product design to come through 
after the tooling program has been far advanced. Ingenuity and 
resounefulness must then be exercised to prevent unnecessary waste 
and complicat ions. 

In most cases, time is a factor in the tooling of a part, and the 
management requires a schedule from the tool engineer as to when it 
will be possible to start the various stages of production. In that 
event, it is necessary to schedule and follow each item while it is 
being designed and fabricated and to improvise means for overcoming 
unforeseen difficulties. 

Finished tools art routed to the tool inspection department where 
they are chec^ked. When passed, they are sent to tool storage and 
notic^e is forwarded to the process engineer. In this capacity, the 
tool engineer must be able to prove his plans and designs. If what 
has been done is sound, the problems encountered at this stage will 
not be difficult but sometimes are challenging. It is here that the 
tool engineer has a chance to display his ability for solving the 
problems assigned to him; both in the way in which his plans and 
tools perform under the acid test of production and in the ingenuity 
and analytical insight he is able to bring to bear upon perfecting 
their performance. He is expected to instruct the tool trouble men, 
production foremen, and set-up men so that maximum efficiency is 
assured. 

Even with an article in production, the responsibility of the 
tool engineer is not altogether discharged. Whether production is 
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maintained or increased, he is expected to be alert to observe and 
take advantage (continually of improvements for better performance. 

The two parts of tool engineering 

As was stated in the definition of tool engineering and illustrated 
by the duties of the tool engineer, there are two inseparable major 
parts to this subject. They are planning and design. Production 
plans cannot be carried out without the creation of the jigs, fixtures, 
and so on, which they presuppose; but, likewise, efficient tools cannot 
be designed and built without a co-ordinating plan. In small plants 
the two functions, planning and designing, may be undertaken by 
one person and thus not be readily distinguishable. In large organ¬ 
izations one individual, called a process engineer, or group does the 
planning. Another designs the tools. Each, however, must have a 
clear understanding of the province of the other for proper co¬ 
ordination and efficient results. In the final analysis, each is a 
specialist in the field of tool engineering. 

The analytical approach to tool engineering 

The analytical approa(*h to tool engineering goes beyond the en¬ 
tirely practical and empirical approach to the solution of problems 
by using more exact methods and an appreciation of principles. 

The scientific ideal can be only partially realized by the tool en¬ 
gineer. Fundamental knowledge applicable to many of the processes 
of production is not complete. Where it leaves off, the engineer 
must go on with the help of judgment and experience. 

For many problems an approximate solution by empirical means 
is expedient, and more precise results do not justify the added ex¬ 
pense of a more rigorous inquiry. Even in such cases, the engineer 
will find his judgment abetted by an understanding of basic laws. 
On the other hand, there are always circumstances where the ap¬ 
plication of engineering principles is not only desirable but profitable. 
In such cases, the tool engineer must be prepared to offer means of 
securing refined results. 

A summary of the general problems of process and tool engineering 

The purpose of this text is to show how the major problems met 
by the tool engineer are attacked and solved. Therefore, a list of 
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the chief problems of tool engineering will serve as an outline of 
what this book contains. 

Tool engineering has two obligations. They are: 

1. To devise means and equipment to achieve and maintain a 
required level of quality in a manufactured product. 

2. To accomplish the required results in the most economical 
manner. 

The second obligation always governs the first. Whenever a 
problem of methods or equipment is met, the question of economy 
will be found among the first to be ans^vered. Consequently, as an 
aid in solving subsequent problems, the principles of economy, the 
solution of problems of economy, and the methods of realizing 
economy will be presented first. 

As was implied in the outline of the duties of a tool engineer, 
before an appreciable expenditure for any project is justified, an 
estimate of its cost is good sense. Estimates serve to prove the 
economy of proposals. Thus, the principles and procedures of esti¬ 
mating will be the second general problem to be considered. 

Ease of manufacture must always be considered in product de¬ 
velopment and design. Where the tool engineer is in a position to 
offer suggestions to improve design, it is his duty to do so. To this 
end, an understanding of the problems of the product designer is 
helpful. Therefore, some of the principles of product design and 
means of improvement from the standpoint of manufacture will be 
presented. 

The process or tool engineer plans to bring men, materials, ma¬ 
chines, and tools into operation. Groups of operations make up 
processes resulting in the desired ends of a manufacturing program. 
One of the vital problems of tool engineering is that of building up 
these combinations. In that endeavor a necessary prerequisite for 
success is a knowledge of common methods, techniques, machines, 
and tools. It is assumed that the student is equipped with that 
knowledge. The principles which point the way to effective utiliza¬ 
tion of it will be presented. 

The design of efficient tools, like the design of other mechanisms, 
must be based upon basic laws. The use of such principles in tool 
design will be stressed in the treatment of that subject. 
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2 PRINCIPLES OF ECONOMICS 


The importance of economics to the tool engineer 

Tool engineering is an adjunct of industrial enterprise that must 
earn profits to exist. The only source of profits is a favorable spread 
between the selling price and cost of the articles manufactured. 
The tool engineer’s responsibility is to supply the equipment, ma¬ 
chines, and tools for manufacturing at the lowest possible cost. 
But mere recognition of this situation is not enough; specific means 
must be adopted to insure the desired results. Just as the tool 
engineer is expected to apply science and technology to the solution 
of his problems, so he must also understand and conform to certain 
principles of economics and be able to utilize them with the same 
degree of reasonable accuracy as he does physical precepts. 

For a solution of any basic problem in tool engineering, the answer 
must be found to three questions: 

1. What is to be done? 

2. By what methods and with what tools can it be done? 

3. What is the best or most economical method? 

For a logical analysis, the requirements of a situation must be 
defined. Generally, the tool engineer has at his disposal more than 
one method or process and several possible designs for the tools and 
equipment to do a job. The choice must be made of those factors 
which will give the required results at the lowest cost. Success in 
tool engineering depends in a large measure upon ability to ascertain 
costs and demonstrate the extent of the economies in any situation. 
For this, an understanding of the nature of cost is essential and is 
the purpose of this chapter. 

One of the outstanding characteristics of the large industrial 
units of this country employing tool engineers is the great invest- 
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ment in physical equipment required to make them possible. It is 
not uncommon in automobile plants for the retooling costs of one 
model to amount to several million dollars. Money is as important 
for a tooling program as steel or machinery. If the tool engineer 
is to receive the respect that he deserves, he must be acquainted 
with the fundamentals of all the aspects of tooling. He must be 
able to ^^speak the language” of the business and financial men upon 
whom he is dependent for the capital requirements of his projects 
and prove to them his effectiveness in terms that they understand. 
The story has been told of the banker who was called upon for a 
loan for expansion by a company with likely prospects. He was 
impressed by the designs of the products and by the selling organ¬ 
ization and agreed to the loan providing none of the money would 
be spent for frivolous developments such as jigs and fixtures. At 
that point there was need of a capable tool engineer, to demonstrate 
to the banker in terms with which he was familiar that—(contrary 
to his beliefs—^jigs, fixtures, and all tools properly applied could 
save his money and provide him a greater return. 

This discussion is not intended to imply that the tool engineer 
should be an expert economist any more than he must be an authority 
on atomic energy or celestial mechanics to understand the physics 
that he uses. He should, however, possess an appreciation of the 
proper use and importance of the principles that will co-ordinate 
his activities with the economy in which he is a participant. 

FUNDAMENTAL CONCEPTS OF ECONOMICS 

Selections from simple alternatives 

Occasionally, the solution of an economic problem involves only 
a choice of present or near future advantages. An example of this 
is the selection of the design of and method for making the welded 
beam illustrated in Fig. 4 in several forms. The beam on the right 
is a casting weighing 9^ pounds; that in the center is a welded coun¬ 
terpart weighing 11 pounds; and the one on the left is a welded 
construction based on a functional analysis and weighing 7 pounds. 
The following tabulation shows the relative costs^ of the three forms. 


* 

^ Cost data furnished by the Lincoln Electric Company, Cleveland, Ohio. 
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Item 

Form 

i 

j 

Casting (not including patt(‘rn). 

Steel. 

Cut and fit.*.. 

Weld. 

Machine (est.). 

A 

B 

C 

$2.57 i 

1.00 

$ . . . 1 
0.33 
0.70 
0.0)0 

♦ 

$ ... 

0.21 

0.20 

0.30 

Total cost. 

$3.57 

$1.0)3 

$0.71 


Thus, it is possible to effect a saving of 80 per cent by making 
it in the manner illustrated on the left in Fig. 4 as compared with 
the casting. Problems of this type are referred to by economists 
as cases of immediate or present economy, entailing a choice of one 
of two or more factors for an immediate result. Unlike more com¬ 
plex problems, time here does not enter as an influence on the choice. 



Fig. 4. Three forms of a beam to show differences in manufacturing 
costs. (Courtesy Lincoln Electric Co., Cleveland.) 
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Each of the choices produces a beam which for the desired purpose 
is identical with the others. There would obviously be no basis 
for comparison if one beam, even at a lower cost, did not meet 
functional requirements. Thus, in some cases, performance is the 
deciding factor and expense cannot be considered. For example, 
machine steel would not be considered in comparison with high¬ 
speed tool steel for a cutting tool because it costs less. 

As a basis for a choice of identical results in immediate economy, 
either design, method, or material may present the alternatives. 
However evident the preference upon assembly of the facts, the 
task of compiling the necessary information and arranging it for a 
correct comparison may often require careful calculations and es¬ 
timates. 

In contrast to present economy are the more numerous cases in 
which investments are encountered which are affected by the passage 
of time. The dividing line between the two types is not always 
distinct. But although the details of approach may differ, the ulti¬ 
mate solution of economic problems in engineering generally requires 
an evaluation of the cost of two or more alternatives of obtaining 
equivalent results. 

A special type of simple selection is that in which time of per¬ 
formance is the deciding factor. Every tool engineer is familiar 
with instances where extra expense has been incurred to secure or 
make a tool needed to consummate a program. In periods of 
shortages, it has not been unusual to resort to costly methods of 
securing results so that at least some advantage might be derived. 
Such cases are representative of abnormalities and should not be 
interpreted as refutations of economic principles. 

Dlminishins returns 

A commonly observed condition in manufacturing operations, as 
well as in many other circumstances, is that a point is reached at 
which a maximum output per unit of input is secured and beyond 
which further intensification results in a decrease of benefits from a 
unit of input. This experience has been expressed in a basic eco¬ 
nomic principle called the Law of Diminishing Returns, which can 
be stated in the following manner: When there are a nuinber of 
factors contributing to a system of production and one of these 
factors is limited or fixed, a point will be reached beyond which an 
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increase in the variable factors will produce less than a proportionate 
increase in results. This statement has two specific implications: 

1. At least one characteristic of the case is not changed. 

2. All the other factors can be varied to improve results, but 
under conditions of increasing difficulty. 

As an illustration of this law, consider a hypothetical operation 
for machining the face (containing the key) of the piece shown in 



Fig. 5. A bracket. (Adapted from Pauli and Sgro, Applied Mechaiv- 
iced Dramngj p. 60, Van Nostrand, 1936.) 


Fig. 5 on a standard production milling machine. For a minimum 
equipment investment of $4500, including the milling machine, 
arbor, set of high-speed steel cutters, and one standard vise with a 
special set of jaws, we can expect the following performance: 


Element Minutes 

Get part. 0.10 

Load and clamp in vise. 0.20 

Advance work to cutter.. 0.05 

Mill surface. 2.00 

Return to starting position. 0.05 

Unload vise. 0.05 

Dispose of part. 0.05 


2.50 
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This operation time of 2.60 min resulting from a direct investment 
in equipment of $4500 is represented by point A of Fig. 6. Now 
to improve the performance, suppose we invest an additional $50 
to replace the high-speed steel cutters with ones having teeth of 
cemented carbide. We find that the cutting time is reduced to 0.60 
min. The other elements are unchanged, and the time for milling 
each piece is down to 1.10 min, point B in Fig. 6. We are assuming 
that the machine has the capacity to take on the added load. 



Fig. 6. Change in production rate resulting from increasing inv(\st- 
ment in the operation of milling the long face of the casting shown in 
Fig. 5. 

The time for loading and unloading the vise of 0.40 mia is less 
than the cutting time of 0.60 min, and we can add another vise with 
special jaws, this time to the other end of the table, at an additional 
cost of $100. The operator can be unloading and loading at one 
station while a piece is being cut. The time for producing one 
piece is now reduced to the time that the table is in motion, or 
0.70 min, designated by point C, Incidentally,^ a comparable setup 
on a milling machine (employing a fixture at each end of the table) 
is shown for another part in Fig. 46. 
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So far, each addition to the operation has resulted in a decreasing 
return. We might arrange the vise jaws to hold two pieces or pro¬ 
vide special fixtures for that purpose, at say an additional outlay of 
$100. Another set of cutters would be required if two pieces were 
to be milled at once, at say $150 per set. With that arrangement, 
the loading and unloading time is longer than the cutting time. We 
can reduce the time per piece somewhat, but certainly cannot cut it 
in half by milling two pieces at a time. Any further change that can 
be made appears to offer less than a proportionate decrease in the 
time per piece. 

The point C of Fig. 6 is very near, if not actually, the point where 
further refinements in the milling operation are going to result in a 
larger cost for each piece produced—that is, the point of diminishing 
returns. It cannot be avoided as long as we hold to our original 
premise of doing the job on a standard milling machine. By resort¬ 
ing to an entirely different process, we could probably reduce the 
machining time and the unit cost. But that would constitute a de¬ 
parture from the law of diminishing returns, which requires at least 
one static condition to define the limits of the discussion. If all the 
original assumptions are abandoned, the results governed by them 
cannot then be expected to continue. As an analogy, we would not 
design a machine tool for use with high-speed steel cutters and then 
expect optimum results from cemented carbide cutters. 

If the cutters in the milling example have been running at their 
most economical rate, an increase in speed or feed will decrease cutter 
life. More time will be spent in resharpening and resetting the cut¬ 
ters, to make up for the cutting time saved. The cost of cutter 
replacement can be expected to increase. It is likely that sufficient 
increases in speeds and feeds will materially increase both the time 
spent for the operation and the cost of equipment, as indicated by 
point D of Fig. 6. 

The speed, feed, and power applied to a cutting tool are econom¬ 
ically defined by conditions of diminishing returns. As a cutter 
runs faster and takes heavier cuts, with the consumption of more 
power, more metal is removed. However, a state is reached beyond 
which the cost of replacing and/or reconditioning the tool more than 
offsets the added production. At that point, diminishing returns 
have set in, and beyond that point it is not economical to operate 
the cutter. 
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Many examples of the influence of and limitations imposed by 
the law of diminishing returns are found in tool engineering. It is 
the point of diminishing returns that the engineer seeks in deter¬ 
mining the maximum economical output that can be expected from 
a piece of equipment. 

The extent to which the principle of transfer of skill is utilized 
in tooling is limited likewise by diminishing returns. As more and 
more skill is built into a tool or machine, it becomes more and 
more complicated and cumbersome, requiring greater attention 
and maintenance. Each part that becomes incapacitated from break¬ 
down ties up others. The more components, the more frequently 
all are likely to be inoperative. Thus, although ingenious automatic 
machinery has been constructed and is used to make the parts of an 
automobile, none has been offered to fabricate the automobile com¬ 
pletely and automatically; nor even the whole engine. 

THE SOURCES OF COST 
The cost of production 

Most manufacturing operations are dependent upon investments 
which must be liquidated from the proceeds of their exploitation. 
The investment charges, together with service charges for a definite 
period of time, usually a year, are divided among the parts produced 
in that period. Thus, the more parts made, the lower the allocated 
charge against each one. In addition to the fixed and indirect 
charges, each piece manufactured requires a direct expenditure of 
labor, power, etc. The chart of Fig. 7 shows the relationship be¬ 
tween the unit cost of an article and the number of pieces produced. 
The curve ABC represents the unit cost as determined by the num¬ 
ber of parts produced within the period of time for which the charges 
against the operation accumulate. The line ADEBF represents 
the marginal or direct cost of each additional piece. It is practically 
constant after the first piece to the point for the production of a 
quantity of E^ parts, where the law of diminishing returns begins to 
take effect. At a point B, the last of a total of B* parts has a marginal 
cost equal to the average cost of all the parts. After that the cost 
of making each additional part is greater th^n the average cost. 
It is evidently not economical to attempt production of mcure than 
B^ parts under the initial conditions. 
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Notice that the chart of Fig. 7 does not show a historical se¬ 
quence, but that the ordinate of each point stands for the results 
that can be expected from the operation if it is utilized for the pro¬ 
duction of the number of parts specified by its abscissa. The point B 
represents the unit cost resulting from complete economic utilization 
of the operation. At any other point there is a condition of either 
a decreasing or increasing cost potential. What the actual produc¬ 
tion and consequent unit cost are in any particular instance depends 



Fig. 7. The cost trend of a typical operation. 

upon the demand for the output and not primarily upon the char¬ 
acteristics of the operation. Consequently, the method and equip¬ 
ment for performing the operation are normally selected to suit the 
sales requirements. 

In accordance with the foregoing observations, the costs of 
production can be classified and described as: 

1. Fixed costsj which are charges arising from the investment for 
a particular purpose and cannot be recovered except from payment 
for the services performed by the equipment. They are in then- 
entirety independent of the amount of production and are assessed 
on the basis of the original commitment. They include depreciation, 
interest, taxes, and insurance. 
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2. Indirect or overhead costs^ which arise from auxiliary functions 
or services contributing to efficient performance of the operation 
and its equipment and having no proportional relationship to the 
amount of output. In this class are management, office, engineering 
expenses, plant costs, and indirect labor. 

3. Direct costs or operating expenses, which can be specifically 
charged to the output and vary in proportion to the quantity pro¬ 
duced. They include direct labor, power, materials, and preparation 
costs. 

This breakdown of cost is different from that normally used in 
cost-accounting work, but is presented here because it conforms to 
the way of looking at cost found in machine, tool, and equipment 
studies. 

Fixed costs—the results of capital outlay 

When an investment is made in machines, tools, or other equip¬ 
ment, an obligation is incurred against part of the earnings of the 
equipment to pay off and protect the original capital outlay. It is 
important to ascertain, therefore, just what constitutes the invest¬ 
ment. For a piece of equipment it usually includes the catalogue 
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price or cost of fabrication and also such necessary expenditures as 
transportation, accessories, and installation, as shown in the chart 
of Fig. 8, li It represents the total investment and Ig the gross 
initial investment, including catalogue or fabrication cost, transporta¬ 
tion, and all auxiliaries and accessories, 

line = set up, try out, and testing costs. 

It = Ig line ( 1 ) 

Accounting practice usually charges off /inc to current expenses, but 
it is a justifiable part of the original total investment as a basis for 
determining the true cost of production. 

In the event that new equipment replaces an older installation 
having a realizable value {Rnii) after removal costs, it is reasonable 
that that amount be subtracted from the total investment (/«) in 
the new equipment to arrive at the net investment (Jn) for which 
fixed charges for the equipment should be computed. Thus: 

In ^ It Rnii (2) 


The value of old equipment 

It is not uncommon for the equipment that is being replaced 
to have a book value greater than its true value. Its sale thus re¬ 
sults in an apparent capital loss. Accounting practice favors charg¬ 
ing this to the current profit and loss account on the proposition that 
past errors of judgment in evaluation on being realized should not 
be carried as a continuing burden against future earnings. The 
difference between book value and realizable value represents an 
amount that should have been paid out of past earnings. Some 
engineers follow the same reasoning in not including the apparent 
book loss as an investment consideration. Others contend that, in 
scrutinizing the economic possibilities of an investment, the capital 
loss should logically be considered as part of the obligation incurred 
by the new equipment in taking over the functions of the old. 
Whichever view is accepted, it would seem logical to be consistent 
in treating both the old and new equipment in the same manner for 
a comparison. If the old equipment is considered to be worth its 
realizable value only, then the proposed replacement should not be 
called upon to assume the added burden of the capital loss. But if 
the old is to be expected to continue dischar^ng its obligation to its 
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rated residual investment, including the apparent loss, then the Hew 
should be charged with making up the loss which its installation 
would bring about. 

It is also not unusual for the cost of removing old equipment to 
exceed its true value. Thus if: 

Vb = book value of old equipment, 

Rff = sale value of old equipment, 

Rc = cost of removal of old equipment, 

K = loss from old equipment if replaced, 

Vb + Rc - Rh (3) 

Under the circumstances where the displacement of the old 
equipment represents a net loss and the analyst considers that this 
loss should be assumed by the new equipment, the net investment 
may be written as: 

/iv = /. + K (4) 


The distribution of fixed costs 

After the amount of an investment has been determined, the 
next step is to ascertain how much of it is to be charged against 
the production during any period of time. Actual impairment of the 
investment must be met by an equivalent charge for depreciation. 
Protection for the investment must be maintained through payments 
for taxes and insurance. These are the factors which will now be 
considered. 

Depreciation 

Most physical items experience a shrinkage in value with the 
passing of time, although the actual loss may or may not result from 
age. It is characteristic of mechanical equipment to suffer from 
use an impairment of its strength, accuracy, or efficiency. In that 
respect, the equipment can be thought of as imparting some of its 
original value to each unit that it works upon. On the other hand, 
equipment may deteriorate from causes that have no relation to the 
amount of use to which it is put. An idle machine will lose some of 
its substance from the action of rust and rot. Impairment from 
use and deterioration are aspects of physical depreciation, which is 
nearly always a function of time. The value of equipment may 
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shrink also from functional depreciaiionj which is largely independent 
of time. It is encountered in the case of comparatively new equip¬ 
ment which has ceased to be economical because other designs have 
appeared which perform the same function better. It is found in the 
case of special equipment for a product which is no longer in demand 
because of style changes or market saturation. It is commonly 
referred to as obsolescence, illustrated by the replacement of belt- 
driven machine tools by those with individual drives in modern 
plants. Of the two types, functional depreciation is much more 
difficult to forecast; yet it is very real and important. In many 
instances it is the larger part of the total depreciation. 

Allocation of depreciation necessitates the distribution of the 
investment in some manner over the life period of the equipment. 
Just what is the life of any particular production unit is often a 
problem in itself. A number of interpretations have been presented, 
and the more important will be discussed later. In most cases the 
length of life is not calculable because of the manifestly unpredictable 
factors of obsolescence. No one knows what the life of a machine 
will be until its end is reached. Consequently, resort is usually 
made to past experience as a basis for an enlightened guess. Permis¬ 
sible depreciation for tax purposes may also have to be considered. 
The length of life may vary from ten years or more for general- 
purpose machine tools not dependent upon the fortunes of any one 
product to a year or less for specialized jigs and fixtures for products 
subjected to frequent model or style changes. 

Ways of distributing depreciation 

Depreciation can be distributed over the lifetime of a piece of 
equipment by a number of methods. The most widely favored 
because of its simplicity and adaptability is the straight-line method 
which assumes that the decrease in value during the life term is 
directly proportional to the time elapsed. Thus, if: 

In *= original investment in dollars, 

L = useful life of the equipment in years. 

Is = the value of the equipment at the end of A years in dollars, 
d = annual cost of depreciation in dollars, 

Rl = salvage value at the end of the useful life in dollars, 

Da = accrued depreciation to A years in dqllars, 

D ~ 1/L depreciation rate (percentage). 
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d - _ Br.)D, 

(5) 

p. A{In — Rl) 

(6). 

T j A{In — Rl) 

Ia-Ih-- ^ 

(7) 


For simplicity combined with sufficient accuracy for many cases, 
the salvage value Rl may be neglected, since it usually is small, and 

d = ^ I^B (8) 

Very few articles depreciate actually in direct proportion to time 
and the straight-line formula is only an approximation. It also 
does not take interest into account. However, the errors resulting 
from these shortcomings are usually of no greater order of magnitude 
than the inaccuracies inherent in any attempt to forecast future value, 
contingent upon so many possibilities. Hence, in most cases, the 
obvious simplicity of the straight-line method offsets its deficiencies. 
If during the life of the equipment, conditions develop to revise the 
original expectation, the allowance for depreciation can be adjusted 
most easily if the straight-line method is used. 

Of the many other methods of spreading depreciation over the 
life of property, only a few have more than limited applicability, 
and only a brief reference to those is necessary. Three methods are 
based on the theory that interest earnings should be credited to the 
depreciation, reducing its charge to a certain extent. By the an- 
nuity method^ interest on the remaining value of the asset each year 
is added to the allowance for depreciation to provide equal annual 
amounts to pay off the investment. By the C(mpound4nterest, method, 
the interest on the amount that has been paid off is added each year 
to the periodic installment. For the sinking--fund method, a fund 
is actually, or assumed to be, created to which installments of equal 
amount are added each year and which is credited with annual inter¬ 
est earnings. None of these methods provides refinements in most 
cases warranting their complexity. 

Another group of methods attempts to charge off heavier annual 
amounts for depreciation during the early years of life. This is in 
accordance with the actual depreciation trend of many articles. 
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By one of these, the redwed-balance method^ a constant percentage is 
deducted each year from the value remaining from the previous 
period so that the item is reduced to its salvage value at the end of 
its life. It should be remembered that any such declining rate is 
based upon past experience, of which there is no guarantee of con¬ 
formity in the future. 

Efforts have been made by other methods to correlate deprecia¬ 
tion charges with the rate of business activity; to charge off more 
when earnings are high and less during a period of depression. Thus, 
depreciation may be apportioned on the basis of operating time, 
production output, or sales volume. Such trends are difficult to 
forecast and add uncertainty to any estimate. They do have merit 
from an accounting standpoint in recording events after they have 
taken place, but obviously would add little to an engineering analysis 
that would be dependable. 

Interest 

When money is lent or invested, a return over and above the 
principal is expected for its use and the risks taken. This is interest, 
usually expressed as a rate in terms of a percentage of the principal 
amount for a definite period of time. Interest must not be confused 
with profit. Economists define interest as a rental paid for the use 
of borrowed capital which is presumed to be repaid; profit, a return 
beyond the original investment in an enterprise from which there 
is no specific guarantee of recovery. 

An analysis of an investment in tools, machinery, or equipment 
is made to determine whether the capital is likely to be returned and 
all charges paid. It is logical to expect that earnings will cover an 
interest charge. Just what the rate should be is a question. Some 
think that it should be that of the market in which the money might 
be borrowed for the investment as, indeed, it often is. Others 
look at it somewhat differently: that the interest rate should be 
that which could be obtained if the money were invested elsewhere 
instead of in the equipment. Generally, the return that is expected 
varies with the risks. The more speculative the venture, the higher 
the calculated return in order to attract the capital. An investment 
in equipment is subject to a number of obvious risks. Some equip¬ 
ment, such as specialized machinery, is exposed to greater capital 
risks than other types. Risk likewise varies with the kind of busi- 
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ness. Consequently, it has been suggested that a rate of return upon 
a capital investment should be selected to make the investment 
attractive in view of its inherent risks. 

If equipment is depreciated, the interest charged each year should 
be upon the undepreciated balance. The interest is assessed at the 
end of the year, but the balance of the investment on which it is 
calculated is that which stood at the beginning of the same year. 
Thus, if depreciation is by the straight-line formula and: 

I = the original investment in dollars, 

L = the anticipated total life of tlie equipment in years, 
r = the annual interest rate in per cent, 
we have 

/ X r = the annual interest payment on the total investment 
which will be paid at the end of the first year, 

I/L = the amount paid off to depreciation each year, 

J X T 

—— = the interest payment at the end of the last year of the 
life of the equipment. 

The average interest payment over the life span is 

7r + r//L Ir( I\ Ir(L + l\ 

2 “2V“^L;^2V L ) 

and the average interest rate is 

Taxes and insurance 

Taxes and insurance likewise are proportional to the value of 
property. On the same basis as interest, if: 

B = annual percentage for taxes and insurance, 

Ba = average annual percentage allowance for taxes and insurance, 



The use of average rates 

The average rates, Ra and Ba, are commonly accepted as ap¬ 
proximations for any year in analyzing fixed charges. If the life 
is 1 year; Ra equals r; if the life is 2 years, Ra equals %r; and Ra 
approaches r/2 as the life becomes longer. The same applies to the 
relationship between Ba and B, 



28 


PRINCIPLES OF ECONOMICS 


The nature of indirect costs 

It often is not practical to attempt a minute determination of 
certain labor and materials costs. For example, although it is pos¬ 
sible to weigh the amount of grease used on a particular machine, 
it is usually applied from a common container from which many 
machines are serviced, and it is not considered worth-while to take 
the pains to determine the amount of an individual application. 
Likewise, it is not generally considered practical to try to apply to 
each operation the time spent in moving parts to and from its 
station. Such supplies and effort are classed as indirect material 
and indirect labor. Other contributions to the efficient performance 
of an operation which are difficult of direct allocation are building 
maintenance (real estate taxes, insurance, and depreciation), light, 
heat, ventilation, supervision, office, clerical, and engineering ex¬ 
pense. Some of these services may not even make direct contact 
with the particular operation, but all are necessary to its continued 
performance; otherwise, they would not exist in an efficiently man¬ 
aged enterprise. They are grouped together as indirect costs or 
overhead and charged by various methods to the productive depart¬ 
ments and, ultimately, to each specific operation and its equipment. 

Ways of distributins indirect costs 

All overhead components do not contribute to each operation in 
the same proportion nor to all operations equally. The problem, 
therefore, is to find some means of equitably distributing the in¬ 
direct charges in proportion to the actual benefit derived from them 
in each stage of manufacture. Any solution is necessarily arbitrary 
to some extent. The results obtained by one method are useful 
under certain conditions, but misleading for others, where another 
method may be found desirable. 

Many methods have been developed for distributing overhead 
as well as other charges. Some are not often employed, being useful 
only for the refinements that they provide cost accounting under 
unusual circumstances. Others are widely adaptable to accounting 
methods of determining current costs and to engineering studies, 
comparisons, and estimates. The more important methods that 
will be discussed are; 
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1. Direct material. 

2. Unit of production. 

3. Direct labor dollar. 

4. Direct labor hour. 

5. Machine hour rate. 

6. Space rate. 

More than one of these methods are frequently employed at one 
time, inasmuch as each is peculiarly fitted for prorating certain types 
of costs. To do so, however, adds complexity to the analysis, and 
judgment must be exercised in the choice of methods to strike a bal¬ 
ance between refinement of procedure and practical simplicity. 

Distribution of indirect costs by direct material method 

Overhead expense may be distributed on the theory that it is 
incurred in proportion to the value of the direct materials consumed. 
This method is simple but does not allow for the usual situation 
wherein some of the material is fabricated without the use of much 
equipment, whereas other material in the same plant requires ex¬ 
pensive machinery requiring considerably more labor, power, main¬ 
tenance, and floor space. However, for the allocation of material 
expenses such as purchasing, storage, and handling, the method is 
useful. 

By this method: Rm — ^ (11) 

L m 

where 

Rm = overhead rate in dollars for each dollar of direct material cost, 
0 = overhead expenses in dollars, 

Cm = direct material cost in dollars. 

Unit of production method 

By this method the overhead expenses are divided equally among 
all the parts produced. For one product mass-produced or a few 
products of close similarity, this procedure can be recommended and 
by it: 


I? — -X 


(12) 
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where 

Ru = overhead rate in dollars for each unit produced. 

0 = overhead expense in dollars. 

N = number of units produced in period during which overhead 
costs are incurred. 

Direct labor dollar method 

The assumption of this method is that overhead expenses are in 
proportion to the direct labor cost. This method is simple and pro¬ 
vides accurate results where labor is the main productive element 
and wage rates are fairly uniform. On the other hand, it may not 
be an accurate indicator where machines of greatly different capacity 
and size are operated. If applied to such overhead items as arise 
more or less from the amount of direct labor, like supervision and 
personnel department costs, it can provide a reliable distribution. 
On the basis of this method: 

Rld = ^ (13) 

t z> 

where 

Rld = overhead rate in dollars for each dollar expended for direct 
labor (direct labor dollar overhead rate), 

0 = overhead expense in dollars, 

Cd = cost of direct labor in dollars. 

Direct labor hour method 

For this method, it is assumed that overhead expenses are pro¬ 
portional to the number of mau-hours directly consumed. It is 
obviously akin to the labor dollar method and has most of its ad¬ 
vantages and disadvantages. By this method: 

Rlh = ^ (14) 

where 

Rlh = overhead rate in dollars for each hour of direct labor (direct 
labor hour overhead rate), 

0 *= overhead in dollars, 

H * hours of direct labor. 

Machine hour rate method 

This method is based on the assumption that overhead costs are 
incurred in direct proportion to the number of hours the machinery 
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is operated. It is well suited to estimating the cost of production 
on a single machine, even where a number of articles are processed 
at different times on the same machine. It does not take into ac¬ 
count the relationship between machine time and man time, which 
obviously is not constant for different installations. 

This is really a combination method of allocating costs and its 
procedure is somewhat more complicated. Three steps are usually 
taken in arriving at the machine hour rate. 

1. The overhead expenses are distributed to the productive de¬ 
partments of the plant on the basis of the benefits each department 
is estimated to have received. 

2. In each department the expenses are redistributed to the 
individual machines on an estimated basis of their applicability. 
Some expenses may be prorated in accordance with the direct man¬ 
hours devoted to the machine, others in accordance with the space 
occupied, and so on. 

3. All the charges applied to a particular machine are combined 
and divided by the total number of hours of operation to give the 
machine hour rate. 

Thus: Rb = ^ (15) 

tl m 

where 

Rb = burden rate or machine hour rate in dollars per hour, 

Om = charges applied to the machine over a definite period of time, 
in dollars, 

Hm = number of hours of operation of the machine during the 
same period. 

Space rate method 

The amount of space occupied by a machine has an evident rela¬ 
tionship to certain overhead expenses. Typical of these are building 
expense, heat, light, ventilation, and service equipment, such as 
cranes and conveyers. 

Space charges should be based on more than the actual area 
underneath a machine. If 

At = total area of the production department in square feet. 

Am = total area in square feet in the department occupied by 
machinery, including that assigned to auxiliary equipment, 
operators, and material in process, 
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Av, = all area for aisles and general purposes in square feet, 

-Au = unoccupied space in square feet, 

then At - Am + + A^, (16) 

and if 

am = area in square feet occupied by the particular machine 
plus auxiliary area assigned to it, 
ttu, = share of area in square feet of aisles, etc., to be (‘arried 
by the machine, 

at = total area in square feet assigned to the machine, 


so that 

+ 

II 

(17) 

then 

a m A m 

(l y; A y 

(18) 


and the total area with which the machine should be charged is: 


Ur 


(ft + Au 


Ot 


Am Au 


The more efficiently space is utilized so that approaches zero, 

the more nearly ac is equal to am (1 + ^ 

Od = total overhead assigned to the department for space charges 
in dollars, 

Rd = department space rate in dollars per square foot. 




( 20 ) 


and the space charge to the individual machine for the defined period 
of time is 

C* = (20a) 


Maintenance 


Equipment requires upkeep if it is to continue functioning effi¬ 
ciently. Maintenance has considerable effect upon physical deprecia¬ 
tion, but little upon functional depreciation. Much of the wear 
and tear can be obviated by good care, and replacements can restore 
worn units to practically new condition. Whether maintenance 
can do anything to retard obsolescence is doubtful. Of course, a 
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machine can be redesigned and rebuilt to compete more efficiently 
with later models, but that is a matter of improvement that should 
not be confused with maintenance. 

In accounting pracitice, maintenance is usually considered a part 
of, and charged to, overhead. It often is not worth-while to segre¬ 
gate it as a separate item. On the other hand, maintenance costs 
can be closely identified with a specific unit of equipment and they 
provide a valuable part of the record of its performance. For such 
cases it may be treated separately from other overhead items. 
Data on maintenance costs for equipment in a plant are a matter of 


Y 



Fig. 9. CJeneral rtjlatioiiship hot ween equipment use and maintenance 

costs. 

record, and such information for projected installations must be 
obtained from the past records of similar types and, of course, can 
only be estimated. 

Maintenance appears in three forms: There is the daily attention 
of lubrication and adjustment which increases with the rate of pro¬ 
duction. Also, a certain upkeep is necessary regardless of use, 
such as the replacement of parts which deteriorate with age, which 
is a function of time. And then there are repairs which have a 
complex dependence upon service and time. In general, main¬ 
tenance costs increase as some function of time, as indicated by 
Fig. 9, with a constant production rate. For normal periods of 
equipment life, the cost-of-maintenance curvfe, in most cases, can 
be closely approximated by a straight-line relationship shown in 
Fig. 10. 
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Within a definite period of time, say a year, maintenance costs 
can be expected to show an increase with increased production; an 
expression for the annual cost of maintenance of equipmept in rela¬ 
tion to various rates of production might be written as: 

My = mi + nhfiN) + mzf(H) (21) 

where 

My = annual cost of maintenance, 
f(N) = a function of the number of parts produced during the year, 
f[H) ~ a function of the age of the equipment, mi, m 2 , and m 3 being 
constants. 

Y 



LENGTH OF SERVICE 

Fig. 10. Maiiiteuance cost on straight-line basis. 

Direct costs 

As has been demonstrated, some of the costs of production are 
unescapable consequences of the investment and must be met re¬ 
gardless of the output. Others have a closer connection to the use 
of the equipment and vary more or less with its activity. Of these 
the direct costs or operating expenses are directly proportional to the 
output. They include applied labor, power, lubrication, preparation, 
setup, and material. Their magnitude for an undertaking can be 
estimated closely from past performance of similar jobs. 

How cost fisures are obtained 

Information for determining direct or indirect costs is usually 
obtainable from the records of the organization in which it is used. 
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Adequate control of an industrial organization requires that all ex¬ 
penditures be accurately recorded. Not only are accounts kept of 
the purchases of supplies and materials, but when these items are 
drawn from stores for processing or service, proper vouchers must 
be made up and posted to attest to the distribution. Labor applied 
to any definable task is recorded on time and job cards, which serve 
as a basis for payment. General expenses likewise are recorded. 
The information is systematically gathered, and entered and totaled 
under appropriate headings by the cost accounting department 
which also seeks to apportion all charges to the individual operations 
and products equitably. From this source the tool engineer can 
secure much of the basic data for his studies, although he may have 
to stipplement it with estimates to suit his purposes. 

Summation of production costs 

We are now in a position to set up expressions for annual and 
unit production costs. For the fixed charges: 

Cf = In{D + Ra + Ba) (22) 

where 

Cf — total annual fixed charges in dollars, 

In — net investment in equipment in dollars, 

D = IfL ^ annual percentage allowance for depreciation and 
obsolescence, 

Ra = average percentage rate for interest, 

Ba = average percentage rate for insurance and taxes. 

The general expression for overhead allocation can be written: 

Oi = RiCi (23) 

where the subscript i is the general indicator, for which, as the 
case may be, we can substitute m for direct material method, L for 
direct labor method, etc. Thus, 

Oi “ partial overhead charges in dollars per year; such as 0^ 
for overhead charges for items figured by direct material 
method; Ol from items by direct labor method, 0, from 
items by space rate method, and so on. 

Ri = rate for overhead distribution method corresponding to 0,; 
such as Rfn for rate by direct material method, Ri, for rate 
by direct labor method, i?, from items by space rate method. 
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Ci = number of units of determining factor, such as Cm dollars 
per year of material for direct material method, Cd dollars 
per year of direct labor, Uc square feet of space for space 
rate method, etc. 

The total annual charges against an operation or against the 
ecjuipment used ex(rlusively for it are: 

Ca = Cf My Cd 4" (h> + Cm + 2j0i (24) 

where 

Ca = total annual cost of operation in dollars, 

Cf = annual fixed charges in dollars, 

My — annual maintenance cost in dollars, 

Cd = annual cost of direct labor, 

Od = annual cost of other direct charges such as power, sup])lies, 
etc., in dollars. 

Cm = annual cost of direct materials in dollars, 

SOt = sum of indirect cost in dollars, 

= Om + Oi + 0« + * * * • 

If N parts are to be produced in the year, the unit cost is 

Cv = ^ (25) 

This enumeration is more comprehensive than recjuired for most 
analyses and estimates. For practical purposes it is found in mod¬ 
ified forms. Ways by which it is adapted to specific problems will 
be discussed in the next chapter. However, it is generally conceded 
that formulas should not be used without an understanding of their 
basis and derivation, and the complete concept is necessary if the 
adaptations are to be understood and applied properly. 

The curve of Eq. 25, expanded by means of Eqs. 22, 23, and 24, 
is of the type shown in Fig. 7, In that diagram, the marginal lines 
represent the direct unit costs, 

Cp -f" Op 4" Cm 
N 

which are practically constant until the point E is reached, when 
the effect of diminishing returns begins to be noticed. It is at point E 
that the direct costs and some of the indirect costs become complex 
functions of the output and are difficult to evaluate. However, any 
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appraisal after that stage is really never necessary, as the problem 
then becomes one of finding a more prolific method of doing the 
work. It is sometimes important, though, that the engineer be 
able to recognize the saturation point. 

SUMMARY 

The basis of economics is that no benefit is derived without some 
cost. The tool engineer must show results at the lowest possible 
cost. To do this, he must know the nature of costs. 

Sometimes selection of a desirable method may be made from 
aimple alternatives merely by adding the expenses for each to find 
its total cost and choosing the one calling for the least immediate 
outlay. More often, though, costs are not so easily determined 
because they have a relationship to time. 

A basic concept of economics is that of diminishing returns. 
It reflects common experience with situations reaching a point after 
which added effort or expenditure results in a less than equal increase* 
in output. This is often found in tooling practices. 

C^osts appear in three forms. They are (1) fixed costSj resulting 
from capital investments; (2) indirect costs^ arising from auxiliary 
service (both of the foregoing must be distributed fairly and taken 
into account for a reliable estimate of costs); (3) direct costs, which 
are readily ascertainable for a projeert. 

QUESTIONS 

1. Why is an understanding of }>ertinent economic principles important 
to the tool engineer? 

2. Wliat is meant by selection from simple alter natives Is money cost 

always the only basis foi* simple selection? 

3. What is meant by the Law of Diminishing Returns/ How must it 
be qualified? 

4. Show that a point of diminishing returns is reached in any metal 
cutting operation if the cutting speed, at first low, is raised enough. 

6. What are the three forms of production costs? 

6. What is the trend of cost as production from an operation increases? 
Assume that the operation requires a fixed investment in equipment. 

7. What are fixed costs and from what are they derived? 

8. What items may have to be included in an investment in equipment? 
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9. If a comparison is to be made between a new i)iece of equipment 
and an old piece of equipment it is to replace, how may the loss on the old 
equipment be taken if its book value is graater than its real value? 

10. Describe the two types of depreciation. 

11. What is the most widely favored way of distributing depreciation? 
How is it applied? 

12. Describe several ideas underlying the distribution of depre(uation 
bj’^ various methods. 

13. How is average interest rate ascertained? 

14. How is the average rate for taxes and insurance ascertained? 

16. What are indii ect costs? Give several examples. 

16. Name six ways of allocating indirect costs. 

17. Describe the following methods of distributing indirect costs and 
.state advantages and disadvantages for each: (a) direct material method, 
(b) unit of production method, (c) direct labor dollar method, (d) direct 
labor hour method. 

18. Describe the machine hour rate method of distributing overhead. 
For what purpose is it well suited? 

19. Describe the space rate method of distributing overhead. To wliat 
indirect costs is it related? 

20. What are the three forms of maintenance? 

21. What relation does maintenance cost have to the I’atc of production? 

22. How are cost figures obtained in a plant? 

23. To what are the total annual fixed charges against a piece of equip¬ 
ment equal? 

24. Of what do the total annual charges against an operation (consist? 

26. If N parts are to be produced by a piece of equipment in a year, 
what is the cost per piece? 
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3 PROBLEMS OF ECONOMY 


The kinds of economic problems found in tool engineerins 

In processing and tooling, a number of alternatives are offered 
to produce a desired result. The problem is to find the one which 
promises the lowest net cost. Typical problems of this sort are; 

1 . The comparison and selection of equipment on the basis of 
getting a desired result at the lowest cost. 

2 . The determination of the time during which savings from the 
use of certain equipment will pay off the investment; a decided factor 
in equipment life. 

3. The comparison and selection of tooling and determination 
of its ability to pay its own way. 

4. The lot sizes in which parts shall be manufactured and for 
which equipment and tooling shall be prepared. 

5. The speeds at which cutting tools should be operated for lowest 
cost. 

The factors that must be taken into account in solving problems 
of these kinds and ways of making meaningful comparisons will be 
taken up in this chapter. 

COMPARISON AND SELEaiON OF EOUIPMENT 

Typical problems calling for comparisons 

There are a number of situatiohs for which the tool engineer has 
need for a basis of comparison of costs in order to select the method 
or equipment for doing a job most economically. Problems which 
are frequently met are typified by the following situations: 

1. A comparison of two or more proposed installations or methods 
to do a job, usually for a new project. 

2. A proposal for new equipment to replace that which is cur- 
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rently operating. The present installations may have become worn 
or appear obsolete; or production demands may have risen beyond 
its original intended capacity. 

3. A survey to determine the desirable extent of combining opera¬ 
tions. Some combinations are so natural that they are not ques¬ 
tioned. If two parallel surfaces are to be milled, it is accepted 
practice to use straddle milling cutters. But for cases where the 
natural course is not apparent, comparison of the costs of each 
option must be made. Although there may not be justification for 
complete combination of all operations of a process, there may be 
economy in partial combination. 

4. A decision on whether to invest in equipment to manufacture 
an article or purchase that article partly or wholly made. 

Ways ot deriving economic advantages 

A choice of methods and tools is almost always offered for any 
particular job because of the varied possibilities of relegating human 
functions to machines and of combining mechanical activities. Time 
and effort required of a workman to perform a task may be reduced 
by several means, such as; 

1 . The transfer of skill, as illustrated by the common drill jig, 
which embodies the accuracy imparted by a skilled toolmaker in 
positioning the cutting tool so as to require less time and skill on 
the part of the operator in performing the drilling operation. 

2 . The transfer of thought or attention (illustrated by the auto¬ 
matic screw machine, for which constant observation and manipula¬ 
tion by the operator are not required to assure continuous perform¬ 
ance). 

3. The transfer of energy whereby effort expenditure by the 
operator is passed over to the machine (as by air- or hydraulic- 
clamping devices). 

4. The addition of conveniences to the machine, like automatic 
gages for grinders. 

5. The employment of means of duplication, like die casting. 
Machine functions may be combined with such beneficial results as: 

a. The elimination of the necessity of performing certain 
operational elements. For instance, if two cuts have been per¬ 
formed on separate machines that are then replaced by one machine 
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to make both cuts at one setting, the handling of the part between 
the two cuts is eliminated. 

b. The reduction of cutting time for certain processes. If a 
number of cuts have been made separately (but then the arrange¬ 
ment is changed so that all are done simultaneously), the cutting 
time is reduced from that for the sum of the cuts to that for the 
longest. 

Economic advantages gained from the foregoing arrangements 
may include one or more of the following reductions: 

1. In direct labor; this is the most promising and, usually, the 
primary objective. 

2 . In material inventory, by reducing the stock in float or process. 

3. In indirect costs of supervision, scheduling, inspection, han¬ 
dling, etc. However, it must never be assumed that there will be 
a saving in indirect labor or any overhead costs in nearly the same 
proportion as the saving in direct labor cost. A change in operat¬ 
ing methods that results in a change in the amount of required 
auxiliary services will rarely reduce the over-all costs of those func¬ 
tions in proportion. 

Economic disadvantages that may be incurred 

Almost invariably when benefits are derived from changes, ob¬ 
ligations are incurred to offset them to a certain extent. Cancelling 
the advantages are the new obligations necessary to provide the 
improvement. These may include increases in; 

1. Fixed charges. Mechanical equipment performing human 
functions implies a capitalization or storing of productive effort to 
bring the machinery into existence. Machines which represent com¬ 
binations are ordinarily more complicated and expensive. Thus, 
investments are increased and their costs raised accordingly. 

2 . Material costs in some cases. Higher production rates and 
setup charges may make it desirable to run larger quantities and 
thus increase inventories. 

3. Floor space. It is conceivable that floor space may be in¬ 
creased in some cases, as well as decreased in others. 

4. Indirect costs. Although direct labor may be decreased by 
automatic machinery, supervision and maintenance costs may be 
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increased. Special equipment frequently requires attention of a 
high order. 

5. Nonproductive time, necessitated by frequent adjustments 
and replacements of tools. The fraction of time during which the 
equipment is gainfully employed may be low in some eases. 


How costs are compared 

Thus, it is obvious that in the selection of equipment from the 
standpoint of economy, all the pertinent factors must be taken into 
consideration. Comparison may be on the basis of annual cost or 
unit cost. One is more appropriate under some conditions, the 
second more so in other circumstances. To ascertain the annual 
costs for two propositions, we set up the expressions for each: 


Ca\ = (/) + -Rii + Ba) + Cdi + 0i 

Ca2 = In2 (D + Ra + Ba) + Cm + O2 
and for the comparative unit costs, 

Ini (D + Ra + Ba) + Cm + 0i 


Cul - 


Cu2 = 


N 

Ini (D 4" Ra -h Ba ) + Cm + O 2 

N 


(26) 

(27) 

(28) 
(29) 


where the subscripts 1 and 2 designate the factors applying to each 
of two alternates. The remainder of the symbols have the same 
meanings as defined for Eqs. 22, 24, and 25. 

The overhead factors 0i and O 2 often need not include all the 
indirect costs, only those which can be expected to change appreci¬ 
ably. Equipment to reduce direct labor does not usually contribute 
materially towards lowering indirect labor costs. It may, how¬ 
ever, call for less floor space and thus provide a lower burden for that 
reason. 

In Eqs. 26 through 29 direct power and similar costs have been 
omitted because they are usually about the same for comparable 
units, particularly for machine tools. Material, likewise, is a factor 
that is not likely to vary from one installation to another to do the 
same job. Maintenance, also, may be relatively constant, except 
where one choice is a highly complex machine and the other rela¬ 
tively simple. Yet, there are many cases where these assumed 
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omissions should not be overlooked and discretion must be exercised 
in every analysis to include all the factoi-s that are necessary. 

Curves typical of Eqs. 28 and 29 are shown as 1 and 2 of Fig. 11. 
For a hypothetical case, equipment number 2 would be chosen for 
quantities less than E and number 1 for larger quantities. Normally, 
we do not plot such curves. The quantity N is prescribed by demand 
and we solve both equations for that specified production to find the 
lower value of Cu^ Machines seldom have the same productive 
capacity, so it is important that, when two or more are compared, 



Fig. 11. Unit production costs Cvi and Cn of two comparable instal 

lations. 


the charges against each be calculated on the basis of the same 
amount of expected production and not for each machine operating 
at its full capacity. 

After the total charges against each installation have been cal¬ 
culated, it is a simple matter to determine ivhich one shows the 
lowest total, no matter how many are being compared. So far the 
discussion has been based on the assumption that each unit of equip¬ 
ment is to be devoted to the manufacture of one article. Similar 
studies can, however, be made satisfactorily for cases where the 
equipment is used for a number of different products. The procedure 
is more complicated but the principles are the same. The differ¬ 
ence is that an estimate must be made of the direct and indirect 
costs for each of the various products. These are added^ to the 
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corresponding fixed charges to obtain the total amount of cost for 
each option. 

The need for judgment 

In most economic problems both tangible and intangible factors 
are present. Often an appraisal of the measurable elements is not 
entirely sufficient although it is necessary to provide a sound basis 
for the exercise of judgment. As pointed out before, obsolescence 
is not subject to precise predictions. Safety and personal hazards 
are not easily entered into equations. Many other uncertainties 
are likely to be present. Careful management and engineering 
imply thorough scrutiny of the judgment factors. That must not, 
however, be an excuse for neglect and guesswork. 

Example 1 A plant furnishing parts to the automotive industry has 
])een making a stud on single-spindle automatic screw machines, with one 
operator and a helper for each eight machines. The average annual wage of 
the operator is S3000 and of a helper $2000. Additional screw machines 
for added capacity would be needed, but the suggestion is made that multiple- 
spindle automatics be considered instead. The manufacturer of these ma¬ 
chines guarantees an output from six of them equal to tluit of the 32 single¬ 
spindle automatic screw machines, but an operator and helper are required 
for two machines. The price of the multiple-spindle automatic is such that 
the total investment in six will reach $120,000, whereas the 32 single-spindle 
machines can be purchased and installed for a total of $96,000. 

Either type of machine will be expected to pay out its cost in four years 
with a 15 per cent return on the average investment. Taxes and insurance 
are 2 per cent. For average rates, by Eqs. 9 and 10 

RA = y2X 0.15 X = 0.094 

= HX0.O2X = 0.013 

Thus, for the single-spindle machines, from Eq. 22, 

Cfi = $96,000 (0.25 + 0.094 -f 0.013) = $34,272 
and for the multiple-spindle automatics, from Eq. 22, 

Cf2 - $120,000 (0.25 + 0.094 + 0.013) = $42,840 

The annual maintenance cost for a single-spindle machine is estimated 
to be $250 and power cost $205, as compared with a maintenance cost 

1 Adapted from P. T. Norton, Jr., The Selection and Replacement of Manufac¬ 
turing Equipment^ Virginia Polytechnic Institute, Bulletin 32, 1934. 
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of $400 and power cost of $385 for a multiple-spindle automatic. Material 
cost should be the same with either type of equipment. The annual space 
charge is $75 for a single-spindle machine and $100 for a multiple-spindle 
automatic. Other overhead need not be distributed as it will not be changed 
materially by the method employed. 

The annual charges against the two types of machines can now be tab¬ 
ulated as follows: 


Single-spindle 



Automatic 


Multiple-spindle 

Screw Machines 

Item 

Automatics 

(32) 


(6) 

$34,300. 

.. . Fixed charges {Cf) .... 

. $42,840 

8,000. 

. . . Maintenance (M„). 

. 2,400 

20,000. 

... Direct labor (Cd) . 

. 15,000 

6,560. 

.. . Power (Pd) . 

. 2,310 

2,400. 

... Space (Oti) . 

. 600 

$71,260. 

... Total (Ca) . 

. $63,150 


r.nd Cm - Ca 2 = 71,260 - 63,150 = $8,110 

saving per year from the multiple-spindle automatics. 

Example 2: The dimensions of the part shown in Fig. 12 are being 
machined on a semi-automatic turret lathe at the rate of 18.50 pieces in a 
50-minute hour. Present requirements are for 45,000 of these parts a year, 
which necessitates running the machine slightly over 48 hours a week. In 
other words, overtime charges appear likely to cause some increase in the 
unit cost. 



Fig. 12. A sketch of surface finished on a semi-automatic 
turret lathe. 
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The present machine is only three years old and it cost $5300 new. A 
machine tool manufacturer is offering a later model, like that of Fig. 13, 
which will produce the parts at the rate of 40 pieces in a 50-minute hour, 
which will provide the required quantity and a margin besides at no overtime 
cost. The installed cost of the proposed machine and tooling is $6900. 
The question is whether the proposed replacement will bring about any 
decrease in unit cost, or whether it would be economical to continue with the 



Fig. 13. An automatic turret lathe similar to the one propo.sed for the 
part of Fig. 12. (Courtesy Potter and Johnston Co., Pawtucket, R.I.) 


present equipment and take care of whatever excess accrues by operating it 
on an overtime basis. 

Equipment is depreciated on a straight-line basis, and the total length 
of life of either installation is taken at 10 years. Thus, 7 years of deprecia¬ 
tion are left for the present machine on the books, where its value now stands 
at $3710. Its realizable value is only $3(X)0. Its salvage value, as well as 
that of the new machine, at the end of a 10-year life,' is considered to be only 
$200. Interest rate is 15 per cent, and the rate for taxes and insurance is 
4 per cent. 
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If the present equipment is denoted by subscript 1 and the proposed 
by subscript 2: 

Km = X 0.15 X = 0.08571 

= Vi X 0.04 X = 0.02286 

Di = 0.143 

l,y = 3000 - 200 = $2800 

CiF = 2800 (0.143 + 0.086 + 0.023) 

= $705.60 

fis.. “ K X 0.15 X = 0.0825 

BiA = H X 0.04 X = 0.022 

Dj = 0.100 

hN = 6900 - 200 = $6700 
CiF = 6700 (0.1 + 0.083 + 0.022) 

= $1373.50 


ClF 

N 


705.60 

45,000 


= $0.0157 


^ 1373.50 
N ~ 45,000 


$0.0305 


Floor space occupied by the two machines is very close to being the same 
and overhead costs should not be changed materially by the replacement. 
Maintenance of the present machine is $200 a year. The new machine will 
be more complicated, and it is estimated that maintenance may amount to 
twice as much, or $400. Thus: 


Mir 

N 


200 

45,000 


= 0.0044 


N 


400 

45,000 


= 0.0089 


For both installations, one man can operate the machine and also give 
attention to another one. Labor cost is, therefore, charged at 80 cents per 
hour. Direct power to the present machine is 7 cents per hour, but for the 
new and more powerful one it will be 10 cents per hour. For present ma¬ 
chine, unit direct costs: 


80 + 7 
18.5 X 100 


0.047 
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For the proposed machine, unit direct costs are; 


80 + 10 
40 X 100 


0.0225 


and for total unit costs: 

Cvi = 0.0157 + 0.0044 + 0.047 = $0,067 
Cu2 = 0.0305 + 0.0089 + 0.023 = $0,062 
Cui — Cm = $0,005 savings per piece by replacement. 


If extra overtime charge on a 40-hour week basis is assumed to be 10 per 
cent of the unit direct cost of the present method, an additional saving of 
almost cent can be expected, bringing the total unit saving to a little under 
1 cent per piece, or an annual saving of $450. Although this amount is not 
large and probably less than the inherent error iri the estimates, the analysis 
still indicates that the replacement offenng the extra margin of capacity 
can be made without increasing production costs. 


Example 3: Production of 100,000 of the bearing caps of Fig. 14 is 
contemplated for a year. The labor rate is $1.45 an hour, and overhead 
is based on a factor of 1.25 times the hourly labor rate, making a tobil labor 
and overhead charge of $3.26. On the equipment, the annual interest rate 



Fig. 14, A front bearing cap. 
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is set at 15 per cent and insurance and taxes are figured at 4 per cent. The 
problem to be considered is the method of drilling the four holes of 
diameter. 

The holes can be drilled, one at a time, in a simple drill jig on a single¬ 
spindle drill press. This method offers the lowest fixed investment; but an 
experienced tool engineer would reject it immediately as being obviously 
uneconomical for the quantity desired. However, the cost will be calculated 
to demonstrate the deficiency. With this arrangement the time to drill 
one piece is 2.86 min. An output of 52,500 parts a year can thus be obtained 
from one single-spindle drill press and, accordingly, two such machines 
would be needed. They are standard machine tools and can be depreciated 
safely over a period of 5 years. Thus: 

D = H, Ra = '4 X 0.15 X % - 0.09, Ba = 0.024 

At S2000 each, the investment in the two drill presses will represent $4000, 
and 

CV = 4000 (0.20 + 0.09 + 0.024) = $1256 


A simple jig will cost $60, but it will Imve to be de])reciated in one year, so 


C"f = 60 (1 + 0.15 + 0.04) - $71.50 
CiF = $1328 


ClF 

N 


1328 

100,000 


$0.0133 per piece 


The direct labor and overhead per piece are: 


2.86 X 3.26 
60 


$0.1554 


and the total cost per piece 

Cui = 0.1554 -f 0.0133 = $0.1687 per piece 
A more efficient method requiring a minimum of special equipment 
utilizes a standard drill press with a four-spindle drill head and a quick¬ 
loading cam action jig. The drill press must be heavier than for the first 
case and will cost $3000, but being a standard machine tool, w^hich can 
readily be converted to other pur{)oses, it can be depreciated over a period 
of 5 years. The operation time for this method is 1.04 min per piece, which 
will give 116,000 pieces per year and require only one machine. Thus: 


C'f - 3000 X 0.314 - $942. 

The drill head and jig will cost $350 and will need to be depreciated in one 
year, so 


and 


C'V = 350 X 1.19 = $417 
CiF = $1359 

CiF 

— — $0.0136 per piece 
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For the second alternative, direct and overhead costs are 


1.04 X 3.26 
60 


$0.0565 


and Cu 2 = 0.0565 + 0.0136 = $.0701 

As a third method a special machine costing $8000 has been proposed. An 
entirely automatic arrangement would enable the operator to load two parts 
in one station, while the machine drills two other parts. By this method, 
the time per piece can be reduced to 0.40 min, with a possible maximum 
production of 300,000 parts a year. Only one-third of this is needed. 

The automatic drilling machine has a high obsolescence rate and must 
be depreciated in one year, so: 

CzF - 8000 X 1.19 = $9520. 


CzF 9,520 


N 100,000 

Direct and indirect charges are: 


$0,095 


and 


.40 X 3.26 
60 

Cuz = 


= 0.0218 


$0,117 


Thus, for the required production of 100,000 parts a year, the second pro¬ 
posal appears most economical. 


Problem 1. For the conditions described in Example 3, compute the 
unit cost for each proposed method for the following production requirements: 
(a) 5000 bearing caps per year, (b) 10,000, (c) 50,000, (d) 200,000, (e) 500,000, 
(f) 1,000,000. 

Problem 2.^ Six turret lathes in a brass shop liave been engaged in 
finishing the parts for 250,000 steam-hose-connection assemblies per year. 
These turret lathes are 20 years old and have a total value of $400 altogether. 
New turret lathes are proposed for the job. The following production 
times have been ascertained for new as compared to the old machines. 


Machining Time for Parts for 100 Assemblies 
Time in Hours: 


Part Old Machines New Machines 

External connection. 1,76 1.15 

Swivel. 1.70 1.10 

Tail. 1.25 .82 


4.71 hrs 3.07 hrs 

* This and the following problems are based on case histories collected by 
National Machine Tool Builders Association, Cleveland, Ohio. 
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How many new turret lathes would be needed to meet the production re¬ 
quirements? 

New turret lathes cost $6500 each but may be depreciated over a 15-year 
period. The interest rate should be 6 per cent and that for taxes and in¬ 
surance 4 per cent. The old machines have been depreciated to scrap 
value so that the fixed charges against them are negligible. 

Direct labor is $1.55 per hour. Overhead savings may be ignored, al¬ 
though less space would be required for the fewer new machines. 

What should be the total cost for machining the parts for each assembly 
on the old machines and on the new machines? What annual savings are 
indicated for the new turret lathes? 

Problem 3. The main bearings of an automotive crankshaft have been 
ground on single-wheel machines, each of which is capable of turning out 
60 shafts in an 8-hour day. Four machines have been required to meet 
production demands for 240 shafts per day. Labor and overhead call for 
a charge of $4.80 an hour against each machine. There are 250 working 
days in a year. 

A new four-wheel crankshaft grinder is offered at a cost of $48,000 to 
grind the four main bearings on each shaft at once. One operator can care 
for the machine and turn out 250 pieces in an 8-hour day. Overhead may 
be reduced, but that will not be accepted as certain. TWefore, the direct 
labor and overhead cliarge against the new machine is also to be $4.80 per 
hour. 

Interest rate can be assumed to be 6 per cent and insurance and taxes 
4 per cent. The old machines have little value above that of scrap, which is 
negligible. The new machine, being a special type, must be depreciated 
rapidly. Would the investment in the four-wheel grinder show a profit if 
the cost must be written off in 1 year? If written off in 2 years? In 3 years? 

What saving per piece is indicated if depreciation is taken in 2 3 '’ears? 
In 3 years? 

Problem 4. A part has been turned out on a 2-in. six-spindle automatic 
at the rate of 43 pieces per hour. 35,000 pieces are needed each month. 
The machine is seven years old and has a book value of $3600, but a realizable 
value of only $2500. 

A new automatic of the same size and type is proposed. With tooling 
to produce 114 parts an hour, its cost is $17,461.25. It should be depreciated 
in seven years. 

Direct labor for operating either machine costs $1.20 per hour. No 
change in overhead is expected. Interest may be taken at 6 per cent and 
insurance and taxes at 4 per cent. 

The new machine offers an additional advantage of being able to do more 
work, along with that taken over from the old machine. This will save 
450 hours per year at a rate of $1,50 per hour previously paid for secondary 
operations. 

What saving per piece and per year is indicated for the new machine? 



PROBLEMS OF ECONOMY 


53 


Problem 6. Six engine lathes in three groups of two each were used 
for turning crankshafts. They were replaced by two modern contour- 
forming engine lathes, which cost $23,579 plus tooling of $4000, a total of 
$27,579. The realizable value of the old lathes was negligible. 

From a comparison of the performance records of the old machines with 
the estimates for the new lathes, the following savings in direct labor were 
indicated: 


78,000 7}^ ft crankshafts per year, average direct labor 

savings per piece $0.13, total savings. $10,140 

24,000 “E”-typ(i crankshafts per year, average direct 

labor savings per piece $0.2167, total savings.. 5,200 

8,400 “3 cylinder’-type crankshafts per year, average 

direct labor savings per piec^ $0.1860, total savings 1,562 


Total annual savings in direct labor. $16,902 


The change-over also brought about savings in setup, amounting to 
$2,866 per year and in tooling costs of $11,000 per year. 

Interest may be taken at 6 per cent per year and insurance and taxes at 
4 per cent per year. 

If the new machines must be depreciated in one year, does the change¬ 
over show a profit? If depreciation can be taken over 2 years, is it profitable? 
Over 3 years, what is the net saving per piece and per year where a profit is 
shown? 

Problem 6. An automotive company has been making 2400 studs per 
hour on 24 six-spindle automatics operating 16 hours a day to put out a 
total of 38,400 studs per day. It finds it must increase production to 
48,(XK) studs per day. A manufacturer of single-spindle automatics offers 
a machine guaranteed to produce 200 of the studs per hour. How many 
of the single-spindle automatics would be needed to take care of the increased 
requirements in a 2-shift day of 16 hours, 250 days a year? 

The old machines average 10 years in age and have a salvage value of 
$1000 each. Nineteen of them were rebuilt recently; and if their use is 
continued, five more will have to be rebuilt immediately at a cost of $6000 
each, which may be amortized over a period of 5 years. The new automatics 
cost $22,000 each and may be depreciated over a 10-year period. The 
interest rate is 6 per cent and insurance and tax rate 4 per cent. Twelve 
men are needed to attend the old machines; only one man for every five of 
the new machines. The direct labor cost is $1.75 per hour and the direct 
labor dollar overhead rate is one. In addition, a tool saving with fewer 
machines of $12,960 a year is expected. ^ The spindles of the automatics, 
old and new, require rebuilding on the average of once a year at cost of 
$75 per spindle. 

What savings per piece and per year are indicated for the use of the new 
single-spindle automatics as compared with continued use of the old six- 
spindle automatics? 
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PROBLEMS OF EQUIPMENT LIFE 


Critical life 

The length of time in which an equipment unit can pay for itself 
over primary costs is often an important criterion. That period is 
known as the critical or minimum life and can be found from the 
relationship: 

Lc2[N{ci ““ C 2 ) Im{y' + B)] = In2 — Rh2 (30) 

in which 

Lc 2 = critical or minimum life in years, 

N = number of parts produced per year, 

Cl == all costs, except capital charges, per piece produced on 
old equipment, in dollars, 

C 2 = equivalent costs per piece on new equipment, in dollars, 

Im = net investment in new equipment in dollars, 

r = percentage interest rate, 

B = percentage insurance and tax rate, 

Rm = realizable value of new equipment at end of period in dollars. 

Since the expression N{ci — C 2 ) represents a difference in costs, 
it need not include any overhead items that are substantially un¬ 
changed by the replacement. The significance of Eq. 30 is that 
the entire amount saved by the replacement less unavoidable capital 
charges are applied and equal to the investment at the end of the 
minimum period. The actual repayment is shown equal to the net 
investment minus the estimated amount that could be realized from 
sale of the equipment at the end of the critical life. This is a ques¬ 
tionable refinement. The realizable value is usually comparatively 
small and it is doubtful that it can be predicted accurately. Usually 
the results will not be any less accurate if the salvage value is ignored. 
Current interest, insurance, and tax rates are accepted for this 
equation rather than average values. The latter would necessarily 
have to be functions of the dependent variable, Lc 2 , to be accurate 
and would not be justified in view of the added complexity. 

Equation 30 can be simplified and solved for 

T__ 

^ N{ci - C 2 ) - Im{r + B) 


(31) 
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Critical life standards 

In common practice, the consensus of sound management is that 
critical life should not be more than 3 years. In one survey,® eight 
large corporations reported their policies, and of these, seven favored 
1 to 3 years for most machinery; even less than 1 year for single¬ 
purpose macliines; and only one allowed a critical life of over 3 years. 

In another canvass^ 39 companies reported a definite period, 
the weighted average of which was about 3 years with only one con¬ 
cern having a period of more than 5 years. 

Other concepts of equipment life 

But minimum or critical life is not the concept most commonly 
employed in setting depreciation rates. Corresponding to the two 
forms of depreciation, functional and physical, are the two periods 
of serviceable life and physical life. The first represents the length 
of time until the machine is overtaken by obsolescence and, there¬ 
fore, no longer economical to operate. The second represents the 
period during which the equipment will function satisfactorily before 
excessive maintenance costs make it unprofitable. This latter can 
be fairly accurately predicted from past experience, but what the 
serviceable life of an installation will be is at the best a gamble. 
Obsolescence arises from too many imponderable sources: style 
changes, inventions, and economic trends, to state a few. 

The length of life of standard machine tools depends partly upon 
the nature of the tool and the way it is maintained. If kept in good 
condition, it may often have a value for other purposes after it is 
no longer applicable to or needed for its original occupation. It is 
for that reason that it is often desirable to prepare for special jobs 
by adding auxiliary and specialized attachments to standard machine 
tools. If the job does not prove permanent, the only loss is in the 
attachments. 

There is a slow, but definite, influence upon the lives of standard 
machine tools from obsolescence resulting from improvements in 
later models. This is illustrated by the interaction between cutting 
tools and machines. At the beginning of this century most machine 

* American Machinist^ Vol. 65, No. 2 and VoL 65, No. 7. 

^ P. T. Norton, Jr., op. cit. 
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tools were designed and built for use with relatively low-speed high- 
carbon tool steel. With the general acceptance of high-speed steel 
cutting tools prior to and during the First World War, most of that 
equipment was rendered obsolete. Then in the decades following 
much of the then newly developed equipment was hastened to 
obsolescence by the introduction and refinement of cemented-carbide 
tools, a phase of progress that even today has not reached a climax. 

Equipment life as an index of value 

The three criteria of life obviously have a relationship to the 
risk involved in an investment. The risk is gooci if the critical life 
is short in comparison with the probable serviceable life. Both the 
serviceable and physical lives must be longer than the critical life 
if the investment is not to be a loss. Also the expense to build a 
long physical life into any machine or tool is not wisely incurred if 
the probable serviceable life is of much shorter duration. The 
ideal life for depreciation is that which is just short of either the 
serviceable or physical life, whichever is less. 


Example 4: If 32 single-spindle automatics, having a realizable value of 
$32,000, are in current use for making studs under the conditions of Ex¬ 
ample 1, what would be the critical life of six multiple-spindle automatics 
replacing them? From the standpoint of critical life, would this be a 
desirable replacement? 

From the conditions of Example 1: 

N{ci - Co) = 36,960 - 20,310 = $16,650 

In2 == 120,000 - 32,000 = $88,000 

lN2{r + 5) = 88,000 (0.15 -h 0.02) = $14,960 


Lc2 = 


88,000 


88,000 


= 52 years 


16,650 - 14,960 1,690 

So that although the six-spindle machine might prove profitable as addi¬ 
tions, as indicated in Example 1, they are not economical replacements for 
the present installations. 


Example 5: The part of Fig. 12, Example 2, was at one time produced 
at the rate of 12.3 pieces an hour on a turret lathe iFor an output of 25,000 units 
per year. One operator per machine was required at a wage of $1.40 per 
hour. The original cost of the machine bad been $3800 and it was now 
5 years old, having a realizable value of $1800. Interest was 15 per cent and 
insurance and taxes 4 per cent. An automatic turret lathe was proposed, 
at an investment of $5,300. This machine could-make 18.5 parts an hour. 
Overhead, maintenance, and power costs were not expected to change, but 
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only part of a man’s time would be required for its attention, so direct labor 
could be reduced to 70 cents an hour. What would have at that time been 
the expected critical life? 

N{cr - c) = 25,000 (~ - = $1000 

Im = 5300 - 1800 = $3500 


Imir + B) = 3500 (0.15 + 0.04) = $665 


L(2 — 


35(X) 

1900 - 665 


2.84 years 


an attractive promise of return, even without the later increase experienced 
in production. 


Problem 7. What is the critical life of the new turret lathes proposed 
in Problem 2 for machining the fiarts for the steam hose connection assem¬ 
blies? 

Problem 8 . What is the critical life of the new four-wheel crankshaft 
grinder offered in Problem 3? 

Problem 9. What is the critical life of the new automatic proposed in 
Pi'oblem 4? 

Problem 10. Estimate the critical life of the two modern contour¬ 
forming engine lathes described in Problem 5. 

Problem 11. Estimate the critical life of the single-spindle automatics 
offered in Problem 6 to replace the multiple-spindle automatics for making 
studs. 

Limitations imposed on physical life by upkeep costs 

Many standard and general-purpose machine tools, such ^ tool¬ 
room lathes and drill presses, are little affected by functional depreci¬ 
ation over reasonable periods of time. Their economic life is rather 
a matter of how long they can be operated before maintenance costs 
become excessive. If 

I = original cost of machine tool in dollars, 

X = number of years it is used, 

I/X — yearly cost of the original investment on a straight line 
basis. 

Also, if 

M — total cost of maintenance during the life of the machine, 
in dollars, 
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MjX is the average cost per year of maintenance, and the total 
average annual cost of operating the machine for an assignable period 
in years is, therefore, 

Cx = /B+^ + ^ + C (32) 

where 

B = annual percentage of interest, insurance, and taxes, assumed 
constant, 

C = annual overhead and direct charges, assumed constant. 


A minimum can be found for Ca, and the corresponding value of X 
designates the number of years for which it is most economical to 
operate the machine. 

From the typical equipment cost curve of Fig. 9 the maintenance 
cost, y, at any time is a function of that time, x, or 

y = fix) (33) 

and Jl/ == r f{x)dx (34) 

Jo 

r fix)dx 

and = 7J5 + - + -+ C (35) 

!!£a ^ I 

dx x^ 


x[/(j)li 


'‘-X 


f{x)dx 


= 0 


1 = xfix) - xf{0) - 



(36) 


= xy — I f{x)dx 

Jo 


For simplicity, most depreciation curves can be closely approx¬ 
imated over the life of the property by a straight line, as in Fig. 10. 
For such a case, 

y = bx 


X 


f(.x)dx 


bj xdx = bx^/2 
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and 



from which 



(37) 


Thus, for such a case it is not economical to maintain the machine 

for a life longer than years. Additional service will necessitate 

an average yearly cost larger than that already experienced, but it 
may be expected that the same minimiun economy will be realized 
from the same type of new equipment operated under the same 
conditions. From the analysis it is evitlent why it is not considered 
good policy to overhaul low-cost tools, such as small drill presses, 
but rather to get rid of them and purchase new ones when expensive 
repairs become necessary. 


Example 6: A lathe cost $4000 when it was purchased new. During 
its life maintenance costs have been increasing at the approximate rate of 
$80 per year and experience with similar machine tools indicates that they 
will continue to rise at about the same rate. Thus 
/) = 80 

years 

Or, at the end of its tenth year, the lathe should be replaced. 

Problem 12. The upkeei) expenditures on a drill press have been rising 
uniformly from zero along a straight line. For the tenth year of its life 
that has just passed, $275 has been spent on maintenance for it. Its new 
cost was $2000, about the same that a replacement would cost now. Is it 
time to buy a new drill press? If not, when should one be considered, if 
maintenance costs continue along the same trend in the future? 

Problem 13. A lathe cost $10,200 new. During its life maintenance 
costs have risen at the rate of about $50 per year. What should be an 
economical physical life for that lathe? 



ECONOMY OF TOOLING 

The belie problem 

So far, we have been discussing the general <application of certain 
economic principles to all forms of manufacturing equipment. Each 
type of application calls for a somewhat different treatment of the 
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fonnulas and factors. The tool engineer is particularly interested 
in the application of the principles to jigs, fixtures, gages, cutting 
tools, and dies. Professor J. W. Roe developed simple formulas 
for tha.t purpose.® He has stated that the problem is found in one 
or more of the following questions: 

1. How many pieces must be run to pay for a fixture of given 
estimated cost that will show a given estimated saving in direct 
labor cost per piece? For instance, how low a run will justify a fix¬ 
ture costing $400 to save 3 cents on direct labor cost of each piece? 

2. How much may a fixture cost that will show a given estimated 
unit saving in direct labor cost on a given number of pieces? For 
instance, how much can be put into a fixture to ^^break even’^ on 
a run of 10,000 pieces, if the fixture can save 3 cents on the direct 
labor cost of each piece? 

3. How long will it take a proposed fixture, under given condi¬ 
tions, to pay for itself, carrying its fixed charges while so doing? 
For instance, how long will it take a fixture costing $400 to pay for 
itself if it saves 3 cents on direct labor cost per unit, production 
being at a given rate? 

4. What profit will be earned by a fixture of a given cost for an 
estimated unit saving in direct labor cost and given output? For 
instance, what will be the profit on a $200 fixture if it will save in 
direct labor cost 3 cents a piece on 10,000 pieces? 

Symbols for tooling 

To simplify tooling formulas, the factors for power cost and 
displaced equipment value are omitted, and other factors are treated 
as constants. The symbols used in these equations are: 

N = Number of pieces manufactured per year. (It must be 
remembered that N is not the number of pieces per run unless 
the tooling is intended for a single run of less than a year's 
duration.) 

A = yearly percentage interest rate on investment (average in¬ 
terest rate, Ra^ may be used if desired; but since the life is 
usually short, often one year and seldom much more, the 
difference will probably be negligible). 

* J. W. Roe, ^Trinciples of Jig and Fixture Practice,” Mechanical Engineering^ 
Feb. 1941, Vol. 63, No. 2, p. 117. 
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B == yearly percentage allowance for insurance and taxes. 

M = yearly percentage allowance for upkeep and maintenance. 

D = 1/L = annual percentage depreciation allowance on a 
straight-line basis, where L is the number of years required 
for amortization of investment out of earnings. 

I = estimated cost of the fixture, jig, etc.: i.e., cost installed and 
ready to run, including drafting and toolroom time, material, 
and toolroom overhead, in dollars. 

y = yearly cost of setups in dollars. This factor should include 
expenses for taking down the apparatus and putting machine 
into normal condition, cost of issuing orders, and overhead 
chargeable during setup. 

s = savings in unit direct labor cost = Cd\ — Cns. 

T = yearly total saving in labor overhead, in dollars, 

= Sty where 

S = yearly saving in direct cost of labor, in dollars 

t = rate of overhead on the labor saved (direct labor dollar 
overhead rate, Rld) 

T" = yearly gross operating profit in excess of fixed charges, in 
dollars. 


Formulas for toolins 

For an even break, the annual operating savings must equal the 
total fixed charges and setup costs for that period. 



Ns(l + 1) = I(A + B + M + D) + y 


and 

r HA+B + M + D) + y 

S(1 + t) 

( 38 ) 

from which 

J Ns{\ +0-2/ 

A + B + M + P 

( 39 ) 

and 

V =Ars(l + i) - y-I(A-hB + M + D) 

( 40 ) 

and 

r J 

Nsil + t) - y - I(A + B + M) 

( 41 ) 


Treatment of factors 

In any one plant, the items A, 5, M, and B can usually be con¬ 
sidered constants over certain periods conforming to policy and can 
be combined into a single factor for convenience. As for depreciar 
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tion, a prominent tool manufacturer^ has recommended, in line with 
prevailing practice, that standard tools—which can be used inter¬ 
changeably—can safely be depreciated in approximately 2 years; 
but that special tools—applicable to only one job, model, or product— 
should have a depreciation period of one year, one season, or one 
model. Perishable tools which wear away with use should be taken 
into account and charged for in accordance with their expected 
impermanence. 


Example 7: To illustrate an economy analysis, the following cases have 
been adapted on the basis of these conditions: 

« = estimated unit saving in direct labor cost = 3 cents 
t = percentage overhead on labor saved = 75% 
yi = estimated cost of each setup = $15 
A = interest rate at 6% = 0.06 
B = rate for insurance and taxes at 4% = 0.04 
M = maintenance ratio == 0.10 
L = life of tools estimated = 2 years 
D = l/L — depreciation rate = 0.50 
A+B + M + D^ 0.70 


1. If the fixture is estimated to cost $400, how many pieces must be 
made on it in one lot each year to save its cost in 2 years? 


400 X 0.70 + 15 
0.03 (1 + 0.75) 


= 5620 pieces 


2. If the product ^*s manufactured in 5 lots per year, how many pieces 
must be made each year to earn the cost of the fixture in 2 years? 


N = 


400 X 0.70 + 75 


= 6762 pieces 


0.03 (1 + 0.75) 

As is evident, the increased cost from a larger number of setups requires 
more pieces. As will be shown later, this may be justified by other savings. 


3. If the fixture is intended for a single lot, how large must that lot be? 
The running of the lot will probably not require even one year, so D = 1, 
and A’^B~\-M'^D = 1.20 and 


N 


400 X 1.20 + 15 


= 9427 pieces 


0.03 (1 + 0.75) 

Thus, fewer pieces need be run in one lot to pay for the fixture than would 
be required altogether in two lots extending over 2 years, as a comparison 
of parts 1 and 3 of this example shows. That is true because for the single 
run there is one less setup and overhead is carried for only one year. 


• Charles T. Stilwell, President of Warner and Swasey Company, as reported 
by C. P. Alford and J. R. Bangs, Production Handbook, p. 875. New York: The 
Ronald Press Co., 1947. 



PROBLEMS OF ECONOMY 


63 


4. How much can be invested in the fixture for a single lot of 9427 pieces? 

7 - 9427 X 0.03 (1 + 0.75) - 15 ^ ^ 

I - ^ 20 “ ^ 

5. How much can be invested in a fixture that is to be used for 6762 
pieces each year divided into 5 lots to be run over a period of 2 years? 

^ 6762 X .03 (1 + 0.75) - 75 ^ 

^ 0.70 

6. In how long a time will a fixture costing $400 pay for itself if 6762 
pieces are to be run each year in five lots in accordance with the original con¬ 
ditions of this problem? 

j ^ _400_ ^ 

6762 X 0.03 (1 4- 0.75) - 75 - 400 (0.20) 

7. If the fixtui e of part 6 can be made for $250^ instead of $400, adequate 
for the job, what profit is to be expected? 

r = 6762 X 0.03 (1 + 0.75) - 75 - 250 (0.70) 

= 355 - 75 - 175 = $105 a year 

8. If the fixture can be made for $250, instead of $400, and is to be used 
for a single lot of 9427 pieces, what profit may be expected? 

T’ = 9427 X 0.03 (1 -{- 0.75) - 15 - 250 (1.20) 

= 495 - 15 - 300 = $180. 

9. How mucli money can be put into a fixture for a single lot of 2500 
pieces if it will save 3 cents per piece and entail a setup cost of $15? 

/ = gg99-X.0:03.(l.+_M5)ziij = S96.90 
1.20 


These examples illustrate how various tooling decisions can be 
reached. They apply not only to jigs and fixtures but also to dies, 
gages, cutting tools, and special equipment. The systematic use of 
these principles as a basis for the authorization of tooling expenditures 
above a set minimum amount cannot be overemphasized. Also, 
preliminary studies to be continually effective should be checked by 
actual results. If nothing more, such a procedure will provide evi¬ 
dence of the quality of the tool engineering. If expectations are 
consistently not realized, steps can be indicated to improve the 
situation. If results are good, a means will be provided to place 

the accomplishments favorably before the management. 

* 

Problem 14. A part has had a hole to be drilled in it located by layout 
and center punching. The time for locating the hole can be reduced by 
0.5 min per piece if a jig is provided. For a labor rate of $1.20 an hour. 
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this means a saving of 1 cent a piece. The percentage overhead on labor 
saved is 100 per cent. Setup time is no more with than without the jig. 
Interest rate is 6 per cent, the rate for insurance and taxes 4 per cent, and 
maintenance ratio 25 per cent. 

If the cost of the jig is $75, (a) how many pieces must be run in one 
lot to make it worth-while? (b) How many pieces must be made on the jig 
in one lot each month to earn the cost of the jig in 2 years? (c) How many 
pieces must be made on the jig in one lot each year to save its cost in 2 years? 

If only 2500 pieces are to be made during the coming year, and they 
must pay for the jig, how much can be spent for it? 

Problem 16. A cup has been blanked in one die and formed in another. 
The labor cost has been 85 cents per 1000 pieces for each operation. The 
dies must be renewed and a progiessive die to do both steps in one press 
stroke is proposed. Assume that this will cut the labor cost in half. The 
progressive die will cost $150 more than both separate dies. Setup cost for 
the progressive die will be $10 more. The following conditions also apply: 
Interest rate = 0.10 
Insurance and taxes == 0.03 
Maintenance rate = 0.15 
Direct labor dollar overhead rate = 0.50 

If the extra cost must be paid out of one run, how many pieces must 
be made in it? 

If five lots are to be run during the year in which the cost of the die must 
be realized, how many pieces must be in each lot? 

Problem 16. 300,000 pieces a year are blanked in six batches for a cer¬ 
tain part. When the strip is hand-fed, the labor cost is 60 cents per 1000 
pieces. If a roller feed is used, this labor cost can be cut in half. Also, 
Interest rate ==0.15 
Insurance and tax rate = 0.05 
Maintenance rate = 0.10 
Overhead rate = 0.50 
Life of roller feed = 2 years. 

Extra cost of setup with roller feed = $15 for each setup. 

What amount of the cost of the roller feed attachment can be charged off 
to this job? 

Problem 17. The “hole spacer^’ shown in Fig. 230 is used to position 
holes accurately and quickly under the spindle of a drill press. It is set for 
any particular job to repeat the settings as often as desired. When one job 
is finished, the device can be easily reset for another. For small and mod¬ 
erate quantities, the versatility of this device makes it a profitable substitute 
for special jigs. An interesting problem is the determination of the quan¬ 
tities for which this attachment is more economical than jigs. 

(a) The cost of the 30-in. X 20-in. hole spacer, including freight and 
installation, is about $9000. The investment may be depreciah^ over 
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5 years, since it is a standard item. Interest rate is 15 per cent and taxes 
and insurance 4 per cent. Assume that there is enough work to keep the 
device busy for 1500 hours during a year. What is the hourly return that 
must be charged on the investment? 

(b) For any part that has one or more holes to be drilled, there is now 
the choice of making a special jig or putting the work on the hole spacer. 
In either case the same kind of drill press must be used. The direct time 
for the job is about the same using either device. Setup time will prob¬ 
ably be longer with the hole spacer, but the larger the number of pieces, 
the smaller the differential per piece. Thus, the difference in setup time 
may be safely ignored. The problem is one of finding the number of pieces 
of the part in question for which the fixed charges on the hole spacer are less 
than those for a special jig, and vice versa. Derive an expression of the 
number of pieces N for which the fixed charges on the spacer just equal 
those for a jig, in terms of m, the time to machine each piece, and /, the cost 
of the jig. 

(c) For one part a jig will cost $450 for 10 holes. Machining time is 
1J4 hours per piece. Up to how many pieces is it economical to use the 
hole spacer? 

(d) For one part a jig will cost $125 for seven holes. Machining time is 
15 minutes per piece. Up to how many pieces is it economical to use the 
hole spacer? 

(e) For one part a jig will cost $60 for three holes. Machining time is 
10 minutes per piece. Up to how many pieces is it economical to use the 
hole spacer? 


ECONOMIC LOT SIZE 

The influence of lot sizes on toolins 

Lot size is sometimes a basic consideration of the tool engineer's 
calculations. In connection with total production requirements, the 
sizes of the lots to be run determine the number of setups to be 
made. Small lots and frequent setups favor methods using general- 
purpose and versatile machine tools, simple and easily set up jigs 
and fixtures, hand feeds, and a minimum of operations. Large lots 
allow greater expenditures for semi-automatic or automatic tooling. 
Normally, the determination of production schedules and lot sizes 
is not within the province of the tool engineer. He may be able to 
obtain the information he needs on that score from others in his organ¬ 
ization whose responsibility it is to set the production schedules or 
he may find it available in the plant records. Sometimes though, he 
must provide his own forecast in the preliminary stages of a project. 
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The factors to be considered 

Economic lot size problems may be solved in several different 
ways and a number of formulas have been developed for that purpose. 
In some, an attempt has been made to include every variable that 
has any effect upon the general problem, with the result that they 
are very complicated. Simplified formulas are also available, but 
one runs the risk of securing incorrect results unless he understands 
the fundamental reasoning in their derivation. Let 

Q = the lot size (pieces per lot), 

Qm = the minimum lot size (pieces per lot), 

Qp = the practical lot size (pieces per lot), 

Cp = total preparation cost per lot (dollars) including cost of 
issuing orders, setting up the machine, and overhead and 
fixed charges for the time of setup. 

P = pieces made per day, 

U = pieces used per day, 

Np ~ number of days worked per year, 

Ca/ = manufacturing cost per piece, including direct labor, ma¬ 
terials, and overhead cost but not preparation cost, 

Sp = cost of storing one piece for one year (dollars), 

El = annual fixed charge percentage (taxes and insurance) 
against the investment in finished inventory, 

E 2 = desired return on capital, per cent, 

Cu = total amount charged against each piece (dollars) for 
(a) preparation costs, (b) direct costs, (c) storage charges. 

The solution of the problem 

Two assumptions can be made without affecting the results 
materially. First, the total amount of direct costs per piece is 
charged from the moment production begins. Second, the prep¬ 
aration cost per piece is not subjected to capital charges during 
storage. Also, it is convenient to assume that the consumption 
rate is uniform. 

The maximum amount of capital tied up in finished inventory 
will be CmQ dollars, and the average amount of capital thus tied up 
will be CmQI2 dollars. For NylJ pieces per year, the average amount 
tied up for one piece will be CmQ/2NpU dollars. 

The charges against the finished inventory awaiting sale or^assem- 
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bly (for taxes and insurance) in dollars per piece = RiCMQ/2NyU. 

Likewise, the similar inventory interest charge in dollars per 
piece = RTpMQ/^NyU, 

A charge must also be made for rental or storage space occupied 
by the finished article. Although this is not true for all products, 
some must have space reserved for any part sufficient to take care 
of the maximum number placed in storage, especially if they are 
stored on special racks or in bins. There will be placed in storage 
each day during production P — [7 pieces. Production will continue 
for Q/P days so that storage must be provided for Q/P (P — V) 
or Q(1 — U/P) pieces. Where P is much larger than J7, the num¬ 
ber for which storage must be provided is practically Q. As it costs 
Sy dollars to store one piece for one year and NyJJ pieces are used 
per year, the unit cost of storage space in dollars equals 

NyU 


The total charges per piece incident to storage can, therefore, be 
expressed as: 


(Pi + R2)Cm + 2 Sy 
2 NyU 



For simplicity, let the terms in brackets be expressed by the symbol k. 
The total charges against each piece will be 


where 

Cp, 




(42) 


Q 


is the unit preparation cost, 


Cm is the unit manufacturing cost, 
kQ is the unit storage cost. 

The economical lot size will be that for which F is a minimum: 



from which 


Q 


(43) 
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The equation for minimum lot size can also be written in the form 
^ = kQn. (44) 

him 

which expresses the fact that for the economic lot size, the unit 
preparation charges are equal to the unit storage charges. 


Example 8:^ Assume the following conditions: 


Cp = $ 10 , 

P == 1000 pieces per day, 

U = 100 pieces per day, 

Ny = 300 days per year, 

Cm = $0.10 per piece, 

Sy = $0,001 per piece per year, 
Ri = 0.03 per year, 

= 0.20 per year, 


then 


(0.03 + 0.20)/10 + 2(0.001) 
2(300) (100) 


( 


1 - 


100 > 
1000 ; 


= 4.1 X 10-7 


and from equation (43) 


10 


X 10-’ 


= IOVO.244 - 4940 pieces 


The wide choice of lot sizes 

The way that the unit cost varies with lot size for the conditions 
of Example 8 is charted in Fig. 16. Of particular significance is 
the evident fact that the unit cost is very near the minimum, over a 
wide range of lot sizes. The relationship is not exactly the same for 
different conditions, but in general it is very broad. To decrease 
the unpredictable risks of obsolescence, the lot size can and often is 
reduced below the most economic figure without any appreciable 
increase in unit cost. On the other hand, if the economies of tooling 
can be benefited by larger lot sizes, there is latitude for them. This 
is the most important idea that the tool engineer can get from the 
study of economic lot sizes. 


Problem 18. 

Let the total preparation cost « $61.80. 

The number of pieces made per day « 47. 

’Adapted from P. T. Norton, Jr., Economic Lot,Sizes in Manufacturing^ 
Virginia Polytechnic Institute, Bulletin 31, 1934. 
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The number of pieces used per day = 20. 

The number of days worked per year = 250. 

The manufacturing cost per piece = $6.07. 

The cost of storing one piece for one year = $0.05. 

Tax and insurance rate = 0.04. 

Interest rate = 0.15. 

(a) Find the minimum lot size; (b) ascertain the unit cost for lot sizes 
of 200, 500, 800, 1100, 1400, 1700, and 2000 pieces. 



Fig. 15. Unit cost versus lot size. This curve is based on conditions 

of Example 8. 

ECONOMIC TOOL LIFE 
Tool life and cut speed 

The length of life of any cutting tool has been shown by naany 
investigators to be related to the speed at which the tool is run by 
the empirical equation? 


VT- - Km (46) 

where 

V = cutting speed in feet per minute, 

T 5= tool life or duration of cut between grindings, in minutes, 
Km = cutting speed constant corresponding to 1 min of tool life, 

* For more detailed information on this relationship, as well as values for 
actual conditions, see texts and treatises on metal cutting, of which several are 
referred to in the bibliography of this chapter. 
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depending for its value on composition, form, size and 
treatment of the tool, the work material, the size and shape 
of the cut, and the cutting fluid. 

n — a constant exponent depending upon the conditions under 
which the tool is run, such as the material and shape of the 
tool, size of cut, material cut, tod cutting fluid. 

This relationship alone is not enough to specify the most desirable 
speed at which to run a tool. It does show that if a tool is run very 
fast, so that it removes metal quickly as long as it is cutting, the 
benefit from the tool will be short lived. At the other extreme, a 
tool will last a long time if it is run slowly enough, but will be in¬ 
efficient. The most desirable speed is that which delivers the most 
output for each dollar spent on the operation which the tool performs. 
For that, costs must also be considered. 

The coft$ of metal cutting 

The costs of operating a cutting tool include not only those occurring 
while the tool is cutting but also others which must be met to keep 
the operation going. While a tool is cutting, the charges which vary 
with the length of cut are determined by the rate 

D + Jib 

R^ =.60 (46> 

where 

Ri = the rate charged against the operation while the tool is 
cutting in dollars per minute, 

Cm — the direct labor rate on the machine in dollars per hour, 

Rb *= burden rate or machine hour rate in dollars per hour. In 
this connection all overhead charges, including fixed charges, 
should be included. 

To keep the operation going, the costs which must be charged 
against the tool but occur while it is not in use include: 

(^2 = ^ {Cm + Rb) + ^ {Cd2 + Rt) + Ct (47) 

where 

ii = the time the machine must be idle for setting and removing 
the tool, in minutes, 
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<2 = the time to resharpen, dress, and otherwise restore the tool, 
in minutes, 

Ci >2 = the direct labor rate to restore the tool to usable condition, 
in dollars per hour, 

Rt = the overhead rate of the equipment or department in which 
the tool is restored, in dollars per hour, 

Ct = cost of the tool material consumed in one resharpening, in 
dollars. 


The tool life (or lowest cost 

The amount of metal removed by a tool between grinds is 

Q^FXdXWXT (48) 

where 

F = feed, in inches per minute, 
d = depth of cut, in inches, 

W = width of cut, in inches (in the case of a turned diameter this 
is equivalent to the mean circumference of the cut), 

T = tool life, in minutes. 

For a definite feed, the metal removal, in cubic inches per tool, 

Q = MVT (49) 

where 

ilf = a constant taking into account the feed in inches per revolu¬ 
tion or per stroke, and the depth of cut, and factors to bring 
out proper units, 

T" = cutting speed in feet per minute. 


The measure of performance of a tool is the amount of metal it removes, 
in cubic inches, per dollar of cost. This may be expressed by 


U = 


MVT 
TRi + C2 


TRi + Ca 


(50) 


This last expression is obtained by substituting KmT^^ for V. 
Performance is best when 


dU {TR, + C2)(l - n)K^MT-- - _ 

dT ^ (TRi + C 2 )' 
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or 

and 


{TR, + Ci)(l - n) = R^T 
T = 

n Ri 


U h 

rp 1 — w 60 {Cm + Rh) + 60 {Cm + R^ + Ct 
r> ^ Cm + 

From equation (45), 



(51) 

(52) 


(53) 


The qualifications of economic tool life 

Equation 51 may be written TRi = [(1 — n)/n]C 2 . This means 
that the greatest economy of tool life is realized in an operation 
when TRi, the cost incurred when the tool is cutting, is equal to 
(1 ~ n)/n times the costs, C 2 , which occur while the tool is not 
cutting. 

Equations 52 and 53 reveal why there can be so much difference, 
as there is, among recommended cutting speeds for certain purposes 
in handbooks and other references and from one factory to another. 
The factor ti of Eq. 52 represents the time needed to set the tool in 
position on the machine. Obviously, that is going to be more for a 
finishing operation in which close limits must be observed than for a 
roughing operation. The time to resharpen and dress a tool, repre¬ 
sented by fe, is going to be more for one type or form of tool than 
another. The direct charges and overhead for a particular machine 
nmy be different from those for another machine. Also, the facilities 
and costs of resharpening cutters vary from plant to plant, and even 
within one plant. In a small factory, a special setup may have to 
be made each time a milling cutter must be sharpened, but in a 
large plant it may be profitable to keep onew more cutter grinders 
set up for milling cutters. For so many variables, it is evident that 
no published tables of cutting speeds can be relied upon for even the 
majority of cases. 

Exact calculations to determine economical cutting speeds are 
very seldom attempted for production. Tlie difficulty in forecasting 
and ascertaining precisely the values of all the necessary factors 
precludes any such trial. In practice an effort is made to arrive at 
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economical cutting speeds by estimating the influence of the various 
factors and approximating a fair balance for them. An understand¬ 
ing of the factors and how they affect the results can be gained from 
a study of the ideal conditions. 



Fig. 16. Speed and cutter life of two milling cutters. (Adapted 
from “Milling Cast Iron with Carbides/’ Report from Cincinnati Mill¬ 
ing, Sept.-Oct. 1945, Vol. 2, No. 5.) 


Example 9:® A surface 6 in. wide and 20 in. long is milled to a depth of 
Kfl-in. in Mechanite “A^^ iron, having a 190 B.H.N. The 10-in. diameter 
cutter has 12 teeth of 44A carbide with angles +3, +3, 30, +4. The feed 
rate is 0.015 in. per tooth. Tests showed 

1 ^ 7 ^ 0,364 ^ 1098 

in accordance with the line for cutter number 1 of Fig. 16. This holds 
true only for a cutting speed above about 300 s.f.p.m. It is known that at 
low speeds carbides do not stand up. In this case the tool life is shorter 
below than above 3(X) s.f.p.m. 

The following cost data apply to the operation: 

Direct labor cost on milling machine, Cm = $1.00/hour 
Overhead on milling machine, Rb = $4.(X)/hour ^ 

• Data based upon that given in “Milling Cast Iron with Carbides,” Report 
from Cincinnati Milling^ Sept.-Oct. 1945, Vol. 2, No. 5, p. 17. 
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Direct labor cost on cutter grinder, Cd 2 ~ $1.00/hour 
Overhead on cutter grinder, Rt = $1.25/hour 
Time to change and reset cutter, h = 10 min 
Time to resharpen cutter (part of h) = 120 min 
Time to rebraze cutter (part of t^) = 60 min 

Cutter reground 4 times between rebrazing; teeth replaced after being 
reset 3 times. Teeth cost $2.00 each. Thus: 


60 12 

a-^0+4,+ 


120 + 15 
60 


(1 + 1.25) 


2 X 12 
12 


= $7,897 


( 1—0 \“0.3M 

' () 3M ^ ^ 

This cutting speed is below 300 ft/min, and the corresponding tool life 
would actually be less than the maximum of 45 min indicated by the curve 
of Fig. 16. This case is an example of one where the mathematical interpreta¬ 
tion must be modified to conform to the circumstances. Equation 50 shows 
that the economic performance of this milling cutter drops off at higher 
speeds. Thus, a little less than 300 ft/min is the most economical speed 
as it provides the longest tool life on the curve. 

Another consideration may be that of getting a higher rate of production, 
even at a larger unit cost. Further analysis shows, for instance, that if the 
cutting speed is increased to 500 ft/min, production is increased 28 per cent 
with a rise in unit cost of only about 6 per cent. 


Problem 19. Cutter No. 2 of Fig. 16 is put on the job described in 
Example 9. It is fed at a rate of 0.050 in. per tooth, and has a maximum 
life of 37 min at a little over 300 s.f.p.m. It is subject to the same costs as 
cutter No. 1. At what speed should it be operated for most economical 
performance? 


Problem 20. A H.S.S. lathe tool cutting SAE 2340 steel is found to be 
governed by the relationship 

200 

The direct labor rate is $1.50 per hour and machine rate $2.25 per hour. 
The operator grinds his own tools, and the machine charges go on while he 
does so. What is the economic cutting speed if the time to grind and reset 
the tool is (a) 1 min, (b) 5 min, (c) 10 min? 

The cost of the tool material may be considered small enough to be 
neglected. 


Problem 21. In a certain plant, direct labor costs $1.75 per hour. 
The overhead on the lathe is $2.35 per hour and on the cutter grinder $1.50 
per hour. The time to regrind and redress each tool is 15 min and to reset 
a tool in the machine is 1 min. The tungsten carbide tools cost $6.25 new 
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and are good for ten grinds each. Find the economic tool life and cutting 
speed for the following conditions: 


No. 

Material 

Depth of Cut 

Feed 

For V^i 

n 

r« = f 

c 

1 

SAE 1040 

0.062 




2 

SAE 1060 

0.125 


0.167 

660 

3 

SAE 1060 

0.187 



615 

4 

SAE 1060 


0.025 

0.167 

560 

5 

SAE 1060 


0.021 

0.167 


6 

SAE 1060 



0.164 


7 

SAE 1060 


0.062 

0.162 


8 

SAE 2340 

0.062 



630 
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4 PLANNING AND TOOLING FOR ECONOMY 

GENERAL PRINCIPLES 

The meaning of planning for economy 

As has been stated, the tool engineer’s responsibility in planning 
a process and its tooling includes obligations to assure: 

1. Maintenance of the required effects. 

2. Accomplishment of the required results in the most economical 
manner. This second consideration is the aim of planning for 
economy. 

Economy, in any case, means getting the desired results at the 
lowest unit cost. This involves two factors: the amount spent and 
the return received. For an optimum return, expenses must be as 
low as possible. For a necessary expenditure, arrangements must 
be made for the greatest output. 

Production costs are classified as direct, indirect, and fixed. 
Economy is concerned with minimizing all three in the following 
ways: 

1. Labor is the direct cost offering the most opportunity for 
savings. Labor rate may be reduced by lowering the grade of skill 
needed for a job. The amount of labor consumed for a task may be 
decreased by shortening the time or decreasing the exertion required. 

2. Indirect costs of upkeep, reconditioning, and repairs must 
not be overlooked. There are many ways in which tools can be 
arranged to minimize these items. Supervision may be relieved as 
the need of attention is reduced. As the direct labor load is de¬ 
creased, many indirect costs are reduced. 

3. Fixed costs are alleviated by minimizing initial expenditures 
for physical equipment. 


n 
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The elements of an operation 

The objective of finding the least time to do an operation is 
realized through analysis of its elements. Any manufacturing task 
can be broken down into four universal acts; (1) Get. (2) Place. 
(3) Process. (4) Dispose. 

Each of these acts is made up of a number of elements. Just 
exactly what the elements are called in any case is a matter of 
convenience. Thus, for a milling operation, the elements might 
be: (1) Pick up. (2) Load. (3) Clamp. (4) Position. (5) Mill. 
(6) Retract. (7) Unclamp. (8) Unload. (9) Deposit. (10) Clean. 

Pick up refers to the time required to take the piece from a pile 
or pan and carry it to the fixture. 

Load is the time to position the workpiece in the fixture. 

Clamp covers the time needed to secure the piece in the fixture. 

Position means to move the table and fixture at rapid traverse 
rate until the Avorkpiece is next to the cutter. 

Mill represents the time that the cutter is actually at work. 

Elements 6, 7, 8, 9, are the reverse of elements 1, 2, 3, 4. 

Clean refers to the cleaning of the fixture to prepare it for the 
next piece. 

Other elements may occur in variations of the milling operation 
like: (1) Gage or measure the workpiece. (2) Rapid traverse be¬ 
tween consecutive cuts. Also, elements may be repeated. 

It is apparent that output can be increased by eliminating ele¬ 
ments and still getting the same results. The only directly useful 
elements are those which create the desired change in the work- 
piece. In the case of milling, the productive elements are those 
occasioned by the cutter acting upon the work. They are called 
the machining elements. 

Machining or processing elements may be decreased in size, but 
not conceivably eliminated entirely, without doing away with the 
operation. However, even that is desirable if the results can be 
accomplished in a more efficient manner, as by performing one cut 
in conjunction with another. 

Evidently, one objective of tool planning is to devise and arrange 
the physical items of an operation to minimize the number of ele¬ 
ments and the time of each essential element. To do this, the 
procedure is to: 
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1. Break down the op>eration into suitable elements. 

2. Study each element separately to find most economical dis¬ 
position for it. 

3. Synthesize or put together the tested elements in the most 
efficient way. 

4. Provide the means to carry out the planned operation. 

Findins the most economical form of an element 

Nonmachining elements are usually performed by people. Where 
tools and machines are used, and that is most often so in manufac¬ 
turing, they should be so planned as to enable the human operator 
to work efficiently. Once the features which do this are built into 
tooling, they encourage efficiency; but if omitted, additional expense, 
often a duplicate expenditure, is incurred in establishing them. 
Much of the reputation of “efficiency engineering^^ has been earned 
by improving tooling to the stage where it promotes economical 
routines. This is a reflection upon tool engineering which should 
have provided for sound methods in the first place. 

The human contribution to doing a job is made up of motions. 
Good tooling helps the human operator by aiding in economizing 
motions. Analysis of worker activity, motion study, is a large field 
in itself, but its principles can be understood and used advantageously 
by the process and tool engineer. Habel and KearfuP listed the 
principles of motion economy of concern to tool engineering as: 

“1. Eliminate all unnecessary movements of the workmen. 

2. Shorten and simplify all necessary movements. 

3. Balance the work. 

4. Minimize use of the eyes. 

5. Eliminate the use of hands as holding devices/^ 

Motion economy is applicable almost entirely to the noncutting 
elements of an operation; those performed by human movements. 
That does not mean that cutting may not occur at the same time as 
human movements. It is often desirable that it should, but then 
other principles apply as we shall see. However, in an operation, 
the shorter the machining time as compared with the nonmachining 

time, the more important motion economy becomes. The larger 

■ « 

* 0. W. Habel and G. G. Kearful, ^'Machine Design and Motion Economy,” 
Mechanical Engineering^ Dec. 1939, Vol. 61, No. 12, p. 897. 
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the portion of an operation performed by the workman, the more 
benefit to be derived from a careful scrutiny of his motions. 

Tooling principles which point the way to economy 

As has been stated, the principles upon which the use of tools 
is based point to definite economies. They are: 

1. Economy of effort through: 

a. Mechanical advantage. 

b. Transfer of burden and control of power. 

c. Simultation of action. 

d. Transfer of thought. 

2. Economy of skill through: 

a. Transfer of skill. 

b. Advantage of perception. 

A sufficiently skilled craftsman with only a hammer, chisel, and 
file or stone can create almost any object or device from metal with 
the expenditure of enough time and effort. However, a prime 
purpose of modern manufacturing methods is to minimize time and 
effort by application of suitable tools. In every case, however, a 
reduction in the cost of direct labor is attended by an increase in 
other costs. A fixture may provide the means for employing a lower 
order of skill for an operation, but time is consumed in fastening the 
part if the fixture is supplied. A part may be drilled without a jig, 
but less skill is required and less time is consumed in locating the 
hole if a jig is furnished. However, if the part is to be moved around 
during the operation, more effort may be expended because of the 
added weight of the jig. Principally, though, an increase in cost 
results from the actual expenditure for the jig. Tools are justified 
only by the savings they afford over the costs they incur. 

The facton that enter into economy of tooling 

An important part of planning is to select, specify the features 
of, and approve the designs of machine tools, auxiliaries, cutting 
tools, fixtures, jigs, dies, or gages on the basis of the savings they 
offer. The goal in this respect is to find ways of getting low cost 
consistent with adequate performance. Many ingenuities have been 
devised to promote econcany. A list of all of them would fill vol¬ 
umes. However, they can be described by the comparatively few 
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principles upon which they are based. These principles fall into the 
following classes; 

1. For economy of direct costs: 

a. Motion economy. 

b. Prevention of undue strain and fatigue. 

c. Alleviation of heavy manual labor. 

d. Conservation of skill. 

e. Combination of operations. 

2. For economy of indirect costs: 

f. Reduction of cost of auxiliary services. 

g. Promotion of safety. 

h. Co-ordination with movement of m^rials. 

i. Consideration of availability. 

3. For economy of fixed costs: 

j. Low construction costs. 

ECONOMY OF DIRECT COSTS 
Tooling for motion economv 

To eliminate unnecessary movements, the following rules are help¬ 
ful :2 

1. Replace hand movements by automatic machine movements 
where practical. 

2. Replace hand movements by foot or knee movements. 

3. Eliminate the necessity of passing work, tools, and controls 
from one hand to another. 

4. Combine movements by providing controls with multiple 
functions. Also combine two or more tools into one, ^vherevor 
possible. 

f). Use mechanical ejectors. 

6. Arrange so that finished work will drop from fixture into dis¬ 
charge chutes. Use drop discharge chutes and the push through 
idea. 

7. Aid locating by means of slides, guides, flanges, stops, bell¬ 
mouthed holes, and bullet-nosed pins, etc. 


* Based on Motion Economy Rides to Guide Process and Tool Engineer, Sag¬ 
inaw Steering Gear Division of General Motors Corporation. 
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Fig. 17, An automatic-lathe operation. One workman operates 
two automatic stub lathes that rough the outsidci diameter and two 
faces of the port housings of roller pumps. Carbide tools with a spindle 
speed of 498 r.p.m. provide a cutting cycle of only a few seconds, but 
during that time the opcjrator is fully released to attend to the alternate 
machines. One operator finished 130 pieces per hour. 

A quick operation like this one might, be hazardous, but to prevent 
po8siV)le injury, both machines have been equipped with attachments 
that make it necessary for the operator to use both hands concurrently 
at remote control stations to start the automatic machining cycle. 
(Courtesy Sundstrand Machine Tool Co,, Rockford, Ill.) 

<9. Preposition tools. 

9, Provide for fast feed of tools or carriage up to work and fast 
return to unloading point. 

Fig. 18 (opposite page). A gravity-chute feed for a rotary shaver. Thret^ 
hundred pinions per hour are produced on this type of machine. 

At the top the loading cycle is showm. Gears placed in the chute roll down 
to the shuttle rotor that carries one at a time to the chute below. The finger 
above the shaving cutter stops each gear as it rolls into position. An arbor is 
automatically pressed into the gear and holds it in position during the shaving 
cycle. 

At the bottom the events completing the operation are showm. The arbor is 
withdrawn from the gear, the shaving cutter turns slightly, and the finished gear 
is discharged down a chute. In the meantime the shuttle rotor has picked up 
another gear, which it will carry to the lower chute to start another cycle.% (Cour¬ 
tesy Michigan Tool Co., Detroit, Mich.) 









]^. 19. Another example of automatic loading. The upper sketch shows a 
loading arrangement to carry a cluster gear from a conveyor to a rack-shaving 
machine and to return the gear after it has been finished. The lower diagram 
shows several such devices loading clusters on successive machines for finishing 
the several gears on each cluster. 

The loading arm has fingers that grasp the gear on the conveyor. The gear is 
picked off its conveyor rest, and the arm turns and carries the gear to a position 
between the centers of the machine. The machine centers move together to 
hold the gear, lifting it off the lower fingers. The machine then goes through 
the shaving cycle, the centers rptract, and the loader returns the gear to the con¬ 
veyor and releases it. (Courtesy Michigan Tool Co., Detroit.) 
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The first rule points out the application of the principle of trans¬ 
fer of thought or human attention to machinery. For instance, a 
turret lathe operator performs motions in indexing the turret, bring¬ 
ing the tools to position, changing speeds, and engaging the feed. 
He may even be unoccupied during part of the cycle. Where the 
amount of production is sufficient to justify the additional tooling 
cost, the job can economically be put on a semi-automatic lathe 
Avhere the operator is released from all routine duties except for 
placing rough pieces in the machine and taking out the finished 
ones. This may enable him to operate two machines, as indicated 
in Fig. 17. In some cases fully automatic machines may be used, 
where the stock is fed into place without constant attention from an 
operator. 

Gear shaving is an example of an operation for which the cutting 
time is very short, a matter of 10 sec for an average gear, and where 
considerable benefit has been derived from the use of automatic 
loading devices to eliminate human motions for high production. 
Fig. 18 shows a loading device for a rotary shaver. The gears 
are placed in a chute from which they are carried one at a time to 
the loading position. An arbor automatically engages each gear 
as it comes to the cutter and holds it during the cutting cycle. Then 
the arbor is withdrawn, and the gear is ejected down a chute. Fig. 19 
shows a different type of loading device which picks gear clusters 
off a conveyer and swings them into positions on successive ma¬ 
chines so that the several gears on each cluster may be shaved. 
On each machine, a cluster is held between retractable centers while 
being finished. 

Substitution of machine action for hand movements need not 
always be extensive to be worth-while. A simple, but worthy, ar¬ 
rangement is that of Fig. 20, where a chain is attached between a 
control valve lever and the machine to bring about clamping and 
unclamping, as the table is moved to and from the loading position. 
In Fig. 156 the spring-loaded pressure and bushing plates hold the 
parts in place when the head descends. The operator does not 
n^ed to do any clamping. 

A similar arrangement that has been used at the Saginaw Steering 
Gear plant is that of closing a fixture by movement of a cam clamp 
handle against the machine frame. In power-milling operations a 
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t3rpical cycle includes loading, clamping the fixture by hand, and 
starting the machine. The equipment can be arranged so that it 
will only be necessary for the operator to place a part in the fixture 
and start the machine. The clamping can be done by having the 
fixture clamp handle ride as a cam against some part of the machine 
frame to tighten the clamp. 

As another example, the indexing base for the fixture of Fig. 231 
is indexed automatically upon return pf the table to its starting 
position. 

The replacement of a hand movement \^y a foot movement is 
commonly done on punch presses which are tripped by a foot pedal. 
There are many opportunities for using foot pedals on all types of 



Pig. 20. An air-operated collet-holding fixture. The use of an air cylinder 
reduces operator effort, The valve handle is connected to the machine by means 
of a chain so that the valve is automatically opened, when the fixture on die table 
is traversed away from the cutter. 

This is an example of a versatile commercial device accommodating a wide 
range of collets for general utility. (Courtesy Zagaf Tool, Inc., Cleveland.) 



PLANNING AND TOOLING FOR ECONOMY 


87 


machines or fixtures. A press on which the tapping head is lowered 
and raised by a foot treadle is referred to in Fig. 31. In the setup 
of Fig. 32, a foot-operated valve is used to control the flow of air to 
blow the chips away. Even as conventional a holding means as an 
ordinary bench vise can be improved to save motions by an arrange¬ 
ment for foot operation for repetitive operations (shown in Fig. 21). 
The vise is opened when the foot pedal is depressed to the shock¬ 
absorbing stop on the floor. When the pedal is released, strong 
springs activate the toggle to clamp the jaws. This type of vise 
has been used for many operations at the Cadillac Motor plant. 
For greater gripping power, air or- 
hydraulic cylinders may be used, con¬ 
nected to foot-operated valves. Foot 
movements can be done , at the same 
time as hand movements. 

A control with a dual function to 
save hand motions is shown in Fig. 

22. There, the lever which clamps 
the work-holding jaws is intercon¬ 
nected with the tripping mechanism 
of the punch press. As soon as the 
jaws lock the work in position, the 
press is tripped and the tool is forced 
downward. Combined clamping is & Sons, 1949.) 
another means of observing this rule. 

In Fig. 231 one vertical clamp serves tq secure two pieced at ^h 
end of the fixture. Common examples of two tools combined into 
one are double-end wrenches, combination tack hammer and puller, 
and combined pliers and wire cutter. A dual-purpose cutting tool 
is the step drill, used for production in quantities of holes which 
must be drilled and counterdrilled or drilled and countersunk. 
An illustration of step drills and the work done by them is ^en 
in Fig. 23. The punch and broach of Fig. 22 is a Combined tool. 

Items 5, 6, and 7 above are incorporated, with other principles, 
in the setup of Fig. 24. The pieces are ejected on to the small chute 
attached to the punch holder, from where they drop on to the large 
chute on the right side of the press. The operator is placing two 
pieces at a time on the die and is aided by the ample rounding of the 
ends of the plugs. 



Fig. 21. A foot-operated 
bench vise. (Reproduced by per¬ 
mission from Barnes, Motion and 
Time Study, 3rd ed., John Wiley 




Fig. 22. A fixture for a combined piercing and broaching operation on a 
lock cylinder. The jaws holding the work are clamped by the lever at the right, 
and it is interconnected with the tripping mechanism of the punch press,* so that 
as soon as the jaws are locked, the press is tripped and the tool is forced down¬ 
ward. The tool is a combined punch and broach. Its end pierces holes, and 
the broaching teeth on its sides follow through and size the holes accurately. So 
well adapted is this fixture that nine hundred pieces are pierced and broached in 
an hour. (Courtesy New Jersey Zinc Co., New York.) 
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An inclined press, like that shown in Fig. 26, is a c omm on resort 
to arrange for work to pass through for discharge. In this setup the 
V-guides on the simple loading tray direct the pieces into the loading 
chute and save motions that might othenvise be necessary for this 
purpose. 

The work is pushed through the die, shown in Fig. 26, by the 
loading movement of the operator. 

Careful motion study reveals that to find the exact place where 
an object must go consumes a finite amount of time, small as it may 
be, and involves a distinct motion or set of motions. These can be 
eliminated or mitigated by providing means to help an object slip 
naturally into its right position. Slides, guides, flanges, slops, bell- 





Fig. 23. Step drills. Step drills are used to drill holes of two or 
more diameters in a single operation. Such drills are also used to drill 
a hole and then burr it, countersink, or counterbore it at the same time. 

There are two general types of step drills—the regular or conven¬ 
tional type and the subland type. The regular type, shown in the top 
view, is constructed like a regular drill, with the same margin continuing 
through the various diameters. To produce a sharp corner, it is neces¬ 
sary to undercut the margin. After the point has been sharpened back 
to this undercut, the drill must be entirely reworked or discarded. 

On the subland type, shown in the middle view, the margins of each 
step are separate, and the drill can be used up entirely without loss. 
Thus, while the subland type has a higher initial cost, its net cost per 
hole is considerably lower where there are a large number of holes to be 
drilled with it. 

Typical holes formed by step drills are shown in the bottom view'. 
(Courtesy Chicago Latrobe Twist Drill Works, Chicago.) 



Fig. 24. A die setup designed to utilize full worker capacity. As the press 
strikes, the operator places two pieces on the die in the indexing die block. Her 
hands are well outside the danger zone as shown in the upper picture. Finished 
pieces are ejected automatically onto the chute. During the upstroke of the 
press the operator picks up two more pieces, as shown in the lower photo, in prepa¬ 
ration for loading, (Courtesy Federal Metal Products Co., St. Louis.) 
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mouthed holes, bullet-nosed pins, etc. are among the means used to 
help direct objects into proper alignment. Attention has just been 
called to adaptations of this principle in Figs. 24 and 26. Another 
example is given by the large chamfer on the locator of Fig, 198, 
The fixture of Fig. 27, mounted on a slide and brought against 



Fig. 25. A chute feed on a press. Output on this inclined press was boosted 
from 1400 to 2800 pieces per hour following installation of the self-loading tray 
that practically reduces the loading effort to finger movements aided by guides 
to preposition the pieces. The work passes through the die and falls out in back 
of the press. The scrap is pushed through below the die, (Courtesy Penn Elec¬ 
tric Switch Co., Goshen, Ind.) 

stops at the ends of its travel, serves to position the work easily 
with the tools. The two holes in the parts of Fig. 48 are positioned 
in line with the drill spindle and then with the tap spindle by the 
linkage built into the fixture. 

When a piece with a hole in it is placed on a plug, or a plug is 
inserted in a hole, the two will tend to jam or bind if the fit is close 







Fig. 26. A punch press setup in which the work is pushed through the die 
bn each stroke. Work is inserted with both hands outside the danger zone of the 
die. For each complete cycle of either hand two pieces are formed since the 
stock is inserted alternately by the hands. (Courtesy Federal Metal Products 
Co., St. Louis.) 
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and if they are not started straight. Extra motions and time are 
then consumed in realigning the pieces, rniis situation may be 
alleviated by modifying the members in the ways indicated in Fig. 28. 

Prepositioning a tool to bring it into proper position for use often 
involves a set of motions during each cycle of an operation. These 
can be totally or partially eliminated by an arrangement to hold the 



Fig. 27. A reaming fixture. This fixture for reaming two holes in the alumi¬ 
num die casting shown is a simple type in which the casting is held by a toggle 
clamp fastened to an angle bracket. Toggle clamps like these can be purchased 
in many standard shapes and sizes. A single movement of the lever brings the 
clamping pad to bear on the workpiece, holding the piece on the locating block. 
The entire fixture slides on a track clamped to the table of the two-spindle drill 
press. In the position shown the fixtme is at the right end of the slide against a 
stop where it is aligned with the reamer in one of the drill-press spindles. The 
reamer is piloted in a hole in the block to insure a true hole. After one hole is 
reamed, the block with the casting still in place is slid to the left under a second 
reamer that acts in the same way. A ring ejector is used to lift the casting oS 
the fixture, on which it is a snug fit. (Comtesy New Jersey Zinc Co,, New York.) 
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tool in a predetermined place so that when needed it may be grasped 
in the position it will be used. For this purpose a holder is provided 
to which the tool is returned after it is used. An example of preposi¬ 
tioning and an accurate evaluation of the benefit from it is shown 
in Fig. 29 from a study by Barnes and Mundel. The job studied 
consisted of driving several 8-32 screws down }/^ in. until tight. 
The operation was performed with a ratchet screwdriver, from three 
different positions; fully prepositioned as indicated at A, partially 



Pitot ontf proei'f med« to 
p>te# fl troo tn on/ position 




Fig. 28. Ways of eliminating binding or jamming. A close fitting 
hole and plug can easily become jammed, as shown in view A. Then 
extra movements and time are necessary to align them so they will slide 
together. The larger the clearance between the hole and plug, the less 
chance of jamming. Where a close fit is necessary, the means shown 
in views B, C, D, and B are helpful to eliminate binding. 

View B depicts a short length of plug-to-hole contact, so that binding 
does not take place before the two are fully in place. 

View C shows a plug with tapered sides leaving only a short band 
for contact. The plug may also have a spherical form. 

View D shov’^s an aligning shoulder created by a small groove near 
the end of the plug. The relief gives clearance to the edge of the hole 
so it does not bind. After the hole has passed over the groove and its 
shoulder, there is sufficient stability to prevent jamming. 

As in View E, the plug may be cut away to leave three zones of con¬ 
tact. 
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prepositioned like at B, and not prepositioned at all. The time for 
the operation with the prepositioned tool was taken at 100 per cent; 
the time with the partially prepositioned tool was found to be 23 per 
cent more; and the third arrangement 46 per cent more than the first. 

Sometimes hand tools may be prepositioned by being mounted 
permanently. An example is a small power wrench mounted under 





SCREWDRIVER FULLY 
PREPOSITIONEO 
100 % 




YTTTTZTTZTTX ^77/7777Tr77777A 

B C 


SCREWDRIVER PARTIALLY 
PREPOSITIONEO 
123% 


SCREWDRIVER NOT AT ALL 
PREPOSITIONED 
146 % 


Fig. 29. A concrete example of savings to be derived from tool 
prepositioning. The percentages show the relative time between the 
instant the screwdriver is grasped and the instant it is released after 
running down an 8-32 screw. Thus, if the time to do the job with the 
fully prepositioned screwdriver is 100 per cent, the time required for 
the partially prepositioned screwdriver is 23 per cent more, and without 
prepositioning is 46 per cent more. (Adapted from Barnes and Mundel, 
“A Study of Hand Motions Used in Small Assembly Work,” University 
of Iowa Studies in Engineering^ BuUeiin 16^ 1939.) 


a work bench, with the chuck protruding just above the top, for an 
operation of assembling screws into a small part. The screws are 
placed in the chuck and the part is brought down to the chuck as it 
turns the screw into the piece. 

The principle of prepositioning is carried out by puttil:^$ springs 
under strap clamps on fixtures. The clamps df Fig. 65 are arranged 
in that manner. The straps slide into place over the work, and the 
operator does not have to hold them while inserting the work. 
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There is usually a period of machine action in an operation dur¬ 
ing which no useful work is done. That occurs while the work is 
being brought to the cutter, or vice versa. It may or may not 
correspond to a period of idleness on the part of the operator, but 
it does represent a definite period of time in the progress of the op¬ 
eration, As indicated by the foregoing rule number 9, it is desirable 
to provide for a rapid rate of feed or traverse during this interval 
to shorten it as much as possible. This is an accepted feature of 
most power-fed machine tools, and it is pointed out as part of the 
arrangement of Fig. 46. The drill head un’ts of Fig. 67 have a 
built-in cam feed giving rapid approach and return in the feed cycle. 

Sometimes there are spaces between surfaces being cut on a 
piece or periods in which the cut is comparatively light. In those 
spaces a high rate of feed is desirable to save time. Such an arrange¬ 
ment is presented in Fig. 231. 

To shorten and simplify necessary movements, the following apply 

10, Make necessary movements as short as possible without 
crowding the operator. Provide for a small work space and keep 
movements within the workspace. 

11. Arrange for getting new work from tray, hopper, or chute as 
close as possible to loading point or from location close to discharge 
point so as to overlap movements. 

1^. When drop discharge cannot be used, arrange for disposal as 
readily as possible, in front of the operator or over the front of the 
machine. 

13. When possible keep hand movements within radius of forearm 
pivoted from elbow. In all events keep within radius of full arm 
without body bend or twist and without necessity for stepping to 
reach point desired. 

14- Eliminate barriers so that movements can follow shortest 
path. 

15. Cluster and centralize all control levers and starting buttons 
within the normal working area. 

16. Make controls ^^quick-acting'^ for high production. For this 
use toggles or cams instead of screw clamps. 

17. Design machines for loading so that loose tools such as pliers, 

* Based GXLMotim.Economy ^Rvlea to Gtdde Process and Tool Engineers, Sag¬ 
inaw Steering Gear Division of General Motors Corporation. 
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tongs, etc. do not have to be used to place the parts in or remove 
them from the fixture. Also, avoid the necessity of handling any 
loose details of jigs, fixtures, gages, etc. 

IS, If loose tools must be used, mount them in definite location 
and, if possible, in position to require as little handling as can be 
arranged. 

19, Design machines and tools as much as possible to shed oil 
and dirt by eliminating flat surfaces. 

20, Make locating surfaces as readily cleanable as possible con¬ 
sistent with durability. 

21, Provide sufficient room for cliips and trimmings and make 
these places easily accessible for cleanout. 

22, Provide compound lines large enough to wash chips and 
turnings off fixtures, or position air lines to blow off chips. This is 
to relieve the operator from having to brush them away. 

23, If cutting fluid cannot be flowed on work, provide mechanical 
means for brushing it on. 

Figures 24, 25, and 26 show setups in which the loading function 
can be performed by short movements. In Fig. 25 the pieces are 
pushed from the tray to chute by finger movements. If the pieces 
were placed individually in the chute from a box, as is commonly 
done, hand or arm movements of greater length would be required. 
In Figs. 24 and 26 the work is loaded from boxes directly in front 
of the loading stations. 

The nature of the operation shown in Fig. 30 is not suitable for 
loading from directly in front of the die, nor for ejection and drop 
discharge. In this case rules 11, 12, 13, and 14 are followed. The 
rough pieces are set on a tray at convenient height to left of operator. 
A bin on his right is for the finished pieces. The side of the disposal 
bin is cut down so as not to be a barrier. Movements to these areas 
next to the die and gage are within recognized limits. 

Figure 47 shows an air-cleaning fixture, auxiliary to a tapping 
operation. It is evident that the operator can place the parts on 
this fixture by swinging the forearm from the elbow. 

The machines of Figs. 68A and 142 conform to the rule of cen¬ 
tralizing control buttons by having a box containing starting buttons 
within the normal working area. 

For clamping a few pieces, the cost of a quick-acting mechanism 



Fi^. 30. A punch press setup for convenience and motion economy. When 
the press is on top of stroke, as in upi)er photo, the hands of the operator are 
changing the pieces from one horn die to another. When the press is on the 
down stroke, as shown in lower photo, the operator places the piece on an inspec¬ 
tion gage, conveniently located for that purpose, (Courtesy Federal Metal 
Products Co., St. Louis.) 
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may not be justified and screw clamps are commonly used under 
those circumstances although they are slower. However, for high 
production “quick-acting'^ clamps are usually worth-while. They 
may be hand-operated toggles or cams for most cases, but supple¬ 
mented by air or hydraulic means when heavy pressures are re¬ 
quired. An application of a common type of commercial toggle 
clamp is shown in Fig. 27. The standard universal jigs of Figs. 43 
and 44 clamp the work under the head, which is brought down by 
one movement of the operating lever. Figures 22 and 65 also show 
quick-acting clamping. 

A further consideration is that there are times when no clamp at 
all is needed for an operation. It may be possible to slip a part 
into such a position that it cannot move under the cutting action, 
and a clamp would be superfluous in such a case. This situation 
arises most often in drilling and allied operations. Figures 31 and 48 
show two operations in which the workpieces are adequately re¬ 
strained by the locators themselves. 

The ring ejector on the fixture of Fig. 27 obviates the need of a 
separate pry bar to loosen the piece from the locating plug. This 
conforms to the rule of designing to make loose tools unnecessary. 
The operator in Fig. 30 keeps a screwdriver in his hand to loosen 
parts from the horns. An ejector built into the die would serve 
the same purpose with fewer motions. 

Clamps which must have considerable motion to clear the work 
should have a quick-action w^hen free and a slow-motion with greater 
leverage when in contact with the work. One such device is the 
toggle clamp. Others include the bayonet screw, slotted screw, and 
cam lock. 

Among the faults of the setup shown in Fig. 210A is the clamp¬ 
ing arrangement whereby two rods passing through holes in the cast¬ 
ing are held down in front and back by strap clamps. Each time 
a piece is taken off and another put on these loose pieces must be 
handled, which adds considerably to the inefficiency of the setup. 

Although loose tools are undesirable, at times their use cannot 
very well be avoided. Loose tools placed haphazardly bring about 
pauses in an otherwise smooth routine until they are spotted when 
needed. This may be helped by providing a definite and convenient 
position for such tools. A rack may be the solution in some cases. 
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In Fig. 68B the wrench for the fixtures is loosely held in a bracket 
in position for use. 

If it is necessary to use a wrench on the clamps of a fixture, all 
the nuts should be of one size so that only one size of wrench need 
be used. 



Fig. 31. A fixture for tapping two holes in six hundred and fifty die castings 
per hour. The irregularly shaped die casting is supported on several pins that 
hold it level and prevent turning. Hie plate in turn rests on four pins for legs. 
The pins raise the fixture off the drill table and the work off the plate and reduce 
chances of tilting or mislocation from chips. The tap is lowered by a treadle so 
that the operator has both hands free to load, shift, and unload the work rapidly. 
A brush connected to a reservoir of oil, with drip feed, keeps the tap lubricated. 
(Courtesy New Jersey Zinc Co., New York.) 
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Cleanliness is necessary for accuracy. Dirt always creates a 
displacement between objects, which results in error. Along with 
that consideration must go the one of the cost of keeping surfaces 
clean where harm may result from the presence of undesirable ac¬ 
cumulations. Figures 46 and 68A show fixtures in which descending 
surfaces and ample spaces promote the passage of cutting fluids and 
chips. A clear passage is provided in the machine of Fig. 53 for the 
chips to be washed into a compartment in the base, where they can 
be readily cleaned out. A pan is placed in position in Fig. 231 to 
collect the chips so that they can be removed conveniently in bulk. 

Small locating areas are easier to keep clean. The supporting 
plate for the casting shown in Fig. 31 rests on buttons and carries 



Fig. 32. Rapid face milling of die castings on a light fixture of the dial type. 
There are twelve stations on the dial that rotates slowly, advancing the work 
under a twelve-teeth-end mill. A quick-acting clamping holder grips the work 
at each station. The operator removes two castings and loads two others at 
stations well away from the cutter, at the rate of six hundred castings an hour. 
Useful auxiliaries include a sight feed arranged to supply coolant through a pair 
of paint brushes just before each casting reaches the cuttdr, and an air hose placed 
to blow chips off the stations as they are unloaded. The valve for air flow is 
operated by a treadle so that the operator’s hands remain free to load and unload 
the castings. (Courtesy New Jersey 2ini5 Co., New York.) 
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the piece on pins to reduce chances of chips collecting on undesirable 
areas and accordingly reduce the number of movements necessary 
to clean away such chips. 

Where coolant may not be used or may be supplied only in small 
amounts, insufficient for washing away chips, compressed-air dis¬ 
charges can be used to blow away chips to clean surfaces. Such an 
arrangement is shown in Fig. 32 where the air jet is turned on by the 
operator through a foot pedal when the empty stations are in the 
correct position for cleaning. 



Fig. 33. Providing clearance for burrs. To facilitate removal of the 
workpieces on the two jigs, clearance is provided. 


Along with chips is the consideration of burrs which are often 
thrown up from machined surfaces. If clearance is not provided 
for them, they may make it difficult to remove the workpiece from 
its locator. Two examples of this are illustrated in Fig. 33. In one 
jig sketched, the workpiece fits inside a hole in which a groove is 
made to allow for egress of the burr. The workpiece is located on a 
plug in the other view. There clearance for the burr is provided 
by a flat or groove on the plug. 

Figures 31 and 32 show operations in which the cutting fluid in 
small amounts is fed through brushes supplied automatically and 
supported in position. 

To balance the work the following apply 

Avoid idleness of one hand. 

25. Keep both hands busy with useful work. 

26. Provide double station fixtures. 

* Partly based on Motion Economy Rtdea to Guide Procees and Tool Engi¬ 
neers^ Saginaw Steering Gear Division of General Motors Corporation. 
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For loading, double station fixtures like that shown in Fig. 24 
which can be kept supphed by continuous rhythmic motions of both 
hands in unison are ideal. But where duplicate equipment is not 
justified one solution is to keep the hands working alternately, like 
in Fig. 26. In the setup of Fig. 30 both hands are occupied in 
changing the pieces on the double-horn die while the press is idle. 
While the press is active, the hands are kept busy performing the 
inspection operation. The revolving fixture of Fig. 32 has sufficient 
stations so that two holders may be unloaded afid loaded at the same 
time. Clamp handles are accessible and quick-acting. Foot-oper¬ 
ated air control for blowing off chips and automatic coating of the 
work with lubricant leave the operator’s hands free for continuous 
loading. 

To minimize use of the eyeSj the following apply: 

27. Eliminate hard to find controls (like small buttons). 

28. Aid positioning of work by means of slides, guides, flanges, 
stops, bell-mouthed holes, and bullet pins, etc. Preposition tools. 

29. Keep necessary eye use within small space (about within a 
6-in. circle, if possible). 

30. Provide definite location for loose tools. 

Eye movements take definite amounts of time, the same as move¬ 
ments of any other part of the body. Furthermore, the eyes do 
not see while they move and need a small interval of time for fixation 
upon an object when they do stop. For small objects or difficult 
situations, the natural tendency is to direct finger or arm movements 
through the eyes. An increment of time is lost in eye-directed 
movements. Consequently, it is desirable to arrange to make the 
use of the eyes unnecessary as much as possible. If the hand and 
fingers must grope for small buttons or controls, eye direction is 
almost certain to be brought into play. Large buttons help to obvi¬ 
ate this detraction. Large palm size buttons are favored for starting 
and stopping, as the operator can instinctively make a motion in the 
general direction of such a button with a good likelihood of contact¬ 
ing some part of it. Aids in locating work and prepositioning tools 
not only save positioning movements, as previously pointed out, 
but also reduce the tendency or necessity of eye*direction to supple¬ 
ment the positioning motions. 

If eye movements are required, their cost is minimized by confin- 
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ing them to a small space. Thus, the horn dies and gage of Fig. 30 
must have eye attention, but they are placed as close together as 
possible. 

To eliminate use of hands for holding, consider: 

SI, Eliminate use of hands for holding machine parts. 

SS, Eliminate use of hands for holding work. 

The hand is a most versatile holding device but inefficient for 
any particular specialized purpose. For almost any specific purpose 
a mechanical device can be made to hold a part more securely, rig¬ 
idly, and accurately than the hand, but no such device has the 
general adaptability of the hand. During a definite repetitive task 
of holding a workpiece the hands are better left free for other con¬ 
structive work or even idle for rest. 

For machine starting, feed or clamping levers, detents or cam 
locks are automatically applied to hold the levers in position after 
they are engaged so that the hand may release them. This is so 
common that it is normally expected and scarcely noticed by the 
user. One notable exception is that of rapid traverse levers on ma¬ 
chine tools. If rapid traverse is left engaged too long because of 
lack of attention, the work may run into the cutter at too rapid a 
rate with disastrous results. Thus, self-retention is often purposely 
omitted to make sure the operator stays with the lever and can dis¬ 
engage it quickly. 

Fixtures are usually holding as well as locating devices. Either 
function may be fulfilled in any particular case without the other, 
and it is well to remember to check to see that both are taken care 
of wherever required. Close location of the workpiece is not of 
primary concern in the setup of Fig. 31, but the piece is held ade¬ 
quately in the fixture so that the operator has both hands free to 
load, shift, and unload the work rapidly. 

An essential of clamping devices is that they be self locking so 
that they will hold a setting without constant attention. Propor¬ 
tions of common clamping devices should satisfy this requirement. 
Commercial jig and fixture units, like those shown in Figs. 43 and 44, 
often have locking arrangements so that the operator may remove 
his hand from the handle after he has engaged it. The nonreversible 
mechanism, of which there are several variations, is acted upon by 
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the handle and, in turn, transmits the clamping effort to the linkage 
in the jig body, but cannot be reversed by a “kick-back^’ from the 
linkage. On the jigs shown, the nonreversible mechanism is in the 
small housing to which the handle is attached. 

Prevention of undue strain and fatigue 

Strain hastens fatigue which slows down workers and brings 
about lags in production. The effects of undue strain and fatigue 
are mitigated by: 

1. Providing comfortable working conditions. 

2. Conforming to physiological traits. 

Comfortable working conditions are promoted by the following 
rules: 

а. Avoid necessity for operator to assume uncomfortable position. 
Most of the work should be at elbow level when seated and 6 in. 
below elbow level when standing. 

б. Provide sufficient space to allow operator to stand up to ma¬ 
chine as he should. If seated, provide knee clearance so operator 
may sit close to working area. 

c. Where feasible, arrange so that machine can be operated 
equally well from standing or sitting position. This can be ac¬ 
complished by arranging the work at 6 in. below elbow height when 
standing, then by providing a high '^posture chair'" so that the op¬ 
erator may sit and work at proper levels. When foot controls are 
used, duplicate upper and lower pedals may be necessary. 

d. Avoid circumstances which make it necessary for the operator 
to walk from one station to another. 

e. Provide means to position workpiece conveniently for the 
operator. 

In the operations of Figs. 24, 26, and 30, the operators v:ork in a 
sitting position. In these well-planned operations the work is done 
at or near elbow height. In the operations indicated by Figs. 70 
and 142, it is intended that the operator should stand. In these 
cases, the work is positioned approximately 6 in. below elbow level. 

Measurements^ made of 13,656 male subjects in a standing posi- 

® E. P. Cathcart, E. R. Hughes, and J. G. Chalmers, The Physique of Man in 
Industry, London, England: Industrial Health Research Board, Medical Re¬ 
search Council, No. 71, 1935. 
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tion without shoes showed an average elbow height of 43 in. above 
floor level. On the basis of a forearm inclined 15 to 20® plus one 
inch for heel height, an average workplace height of 38 inches is 
indicated. 

For massiveness and rigidity, it is desirable that grinding machines 
should have heavy box-like beds. Notice the recess in the front of 



Fig. 34. Front view of a 14 X 48 plain hydraulic grinder. A recess is cast 
in the boxlike base for toe clearance, so that the operator may stand close to the 
table for loading and also observe the grinding action. (Courtesy Landis Tool 
Co., Waynesboro, Pa.) 

the base of the standard cylindrical grinder of Fig. 34 to provide 
foot clearance, permitting the operator to stand close to the working 
area. 

The drilling units on the machines depicted in Fig. 68A and B 
are arranged around and outside of the workholding index table. 
To load the work, the operator would have to reach too far if it were 
not for the notch made in the bed at the loading station of each 
machine. The cut-away portion of the bed gives the operajfcor access 
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close to each station of the fixture as it comes into position to be 
unloaded and loaded. 

A disadvantage of a dual milling setup, like that of Fig. 46, is 
that the operator must move from one end of the table to another 
to attend to the fixtures. This calls for considerable extra exertion 
and allows little chance for him to sit. A better arrangement is to 
mount the fixtures on an indexing base, as shown in Fig. 231, to 
bring the fixtures successively to the same accessible position to the 
operator. 

Where work must be done in several locations on a unit, means 
to position it conveniently is usually advantageous in making the 
operation quicker and keeping the operator from having to take 
awkward or strained positions. Assembly and welding are two types 
of operations in which this is often a consideration. Two kinds of 
welding positioners are shown in Fig. 35. The second is power- 
operated and, therefore, faster than the first, which must be moved 
by hand. 

To conform to 'physiological traits, the following rules apply: 

/. Build foot pedals so that they may be operated with comfort 
and by either foot. 

g. Where possible levers such as feed handles on drill presses 
and arbor presses should be made reversible so that they can be 
operated by either the right or left hand. 

A. The operator who is seated can use both feet to operate pedals. 

i. Build controls of proper size, shape, and weight, and build to 
operate without undue effort. 

Pedals should be arranged so that the foot rests upon and moves 
about the heel. When the operator is standing, this allows part of 
the weight of the body to be carried by both feet. When he is 
seated, it provides a steadying influence. The typical foot accel¬ 
erator of an automobile is a good example of this idea. The pedal 
of Fig. 21 is poor in this respect. 

A cushion or spring is desirable to check pedal movement and 
eliminate shock of bringing it against a solid stop. The cushion 
under the pedal of Fig. 21 carries out this principle. 

Where only one pedal is used, it should be wide enough so that 
it can be depressed equally well by either foot. A pedal placed 
acrms the entire front of a machine permits a wide choice for the 
positions of the feet. 



Fig. 35. Welding positioners. The welding positioner in the upper 
view is manually operated to place the workpiece for optimum accessi¬ 
bility. The welding positioner in the lower view is completely power- 
operated and is equipped with a variable-speed table-rotation mechan¬ 
ism, which is advantageous in welding circular forms. The power tilt 
can be run to 135° from the horizontal, and the table rotates 360° re¬ 
gardless of tilt. 

Both models have a 1200 lb capacity. (Courtesy Cullen Friestedt 
Co., Chicago.) 
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Duplicate controls, pedals, or levers are fitting in three respects. 
They may be used by an operator to shift routine from time to time, 
operating the lever for a wlule with one hand or foot, and then, for a 
while, with the other. They are equally adaptable to right- and 
left-handed persons. And duplicate controls make it easier to bal¬ 
ance the movements of any type of operation performed on the ma¬ 
chine. Thus, if an operation requires that most of the loading and 
unloading be done by one hand, the other can be used to operate 
the lever, whichever it may be. 

Investigations® have shown that handles for tools and cranks 
presenting the largest bearing area to the hand are most efficient. 
This means that the least effort is expended in operating them when 
the unit pressure on the hand is lowest. Generally, straight cylindri¬ 
cal forms have been found more effective than those of varying cross 
section. 

Screws or nuts that must be turned should not be smooth nor 
even knurled if exposed to oil. An expedient is to insert a pin diamet¬ 
rically through the head of a screw, projecting an inch or more on 
both sides, to give more leverage. Short pins are uncomfortable, 
but heavy pins in large screw heads, like those shown in Fig. 231 
top and side, are helpful. For small screws, inserted or integral 
wing blades are convenient. Good leverage combined with comfort 
can be secured from star-shaped knobs like those in Figs. 70 and 71. 
Knobs, handles, and clamps should be placed so that there is ample 
space, usually a minimum of % in., between them and adjacent 
walls or obstructions, for finger clearance. 

Levers and controls should be so placed that they can be moved 
by the operator with the most mechanical advantage and the least 
change in body position. Studies® have shown that the strength of 
the pull on a lever is greatest when the lever is located about 28 to 
42 in. above the floor on which the operator is standing. The pull that 
can be exerted decreases in both directions as the lever position is 
changed up or down. The most pull can be exerted on a single lever 
by pulling upward on it, the next by pushing down on it. Push or pull 
movements in other directions give around one quarter less force. 

•R. M. Bames, Motion and Time Stvdy, New York: John Wiley and Sons, 
Inc., 1940, pp. 233, 237-242. 




Fig. 36. An example of advantageously positioning a heavy transmission 
frame for drilling and boring in a jig. The jig is mounted and indexed on a 
standard indexing trunnion stand carried on the base of a radial drill that drives 
the cutting tools. Skill is built into the jig that guides the tools, and the work 
can be done by a relatively unskilled operator. 

On the indexing trunnion, the work is brought to a comfortable working height. 
The operator works at ease; his energy is preserved and his efficiency prolonged. 
The jig is balanced so it can be swung from one plane to another and located 
accurately in place by the indexing mechanism. The jig does not have to be 
shifted, rolled, or lift^, which would require much more operator effort. Be¬ 
cause the jig is mounted steadily and is not subject to jolting, it may l^ made 
smaller and lighter thah otherwise. That means savings in fabrication and 
storage costs. Chip disposal is also evidently facilitated. 

In the case illustrated, the time to machine the piece was reduced from 40 hrs 
to 8 hrs by the use of the equipment described. (Courtesy American Tool Works 
Co., Cincinnati.) ^ 
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Alleviation of heavy manual labor 

Heavy labor increases fatigue and narrows the field of suitable 
labor supply. Its requirements may be decreased by: 

1. Transfer of power to relieve manual effort. 

2. Lightening of burden. 

Transfer of power is found in: 

a. Power-driven machine tools, 

b. Auxiliaries and devices for moving and lilting heavy work and 
tools, 

c. Air and hydraulic clamping means. 

The jig shown in Fig. 36 was mounted on an index base so that it 
could be moved and positioned easily. Operator effort was reduced 
considerably and the job made much easier and faster. 

In the very early days of their use, machine tools were almost 



Fig. 37. A tip-over device for turning engine blocks. This positions the 
blocks for succeeding operations and reduces operator effort. 

Where the conveyors make 90® turns, swivel sections are inserted to save 
space and reduce the eflFort of pushing the pieces around the comers. (Courtesy 
Detroit Diesel Div. General Motors Corp., Detroit.) 
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entirely hand operated. Later, transmissions were adapted for spin¬ 
dle drives, where the power requirements are heaviest, and then power 
was applied to feeding. So generally is the principle of transfer of 
power utilized today that it is accepted as a matter of course in 
machine tools. 

Cranes and general-purpose lifting devices are widely used, of 
necessity, to move heavy workpieces. Sometimes, a general-purpose 
lifting device is not most economical for a specific job. In one case 
an operation of drilling about 110 holes was performed on marine 
gear casings weighing from 1000 to 2000 pounds each. It was neces¬ 
sary to set up each piece six times with a crane to complete the work 
on it. Then a special power driven indexing table was built to posi¬ 
tion the pieces at the machine. It saved from 24 to 32 hours each 
week on the job. 



Fig. 38. An elevator in a conveyor. The blocks shown at the left rear come 
on a conveyor at a lower level than required for the machine at the right. Oper¬ 
ator effort is reduced by the air-operated elevator that raises the blocks to the 
height of the front conveyor, from which they slide directly into the machine. 
(Courtesy Detroit Diesel Div. General Motors Corp., Detroit.) 
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The positioner in the lower view of Fig. 35 is power-operated to 
save manual effort. 

Conveyors of various types are common in high-production plants 
to expedite the movements of parts, small and large. Where parts 
are heavy, shifting of pieces may still require a heavy expenditure 
of effort. To alleviate the effort in turning engine blocks over, a 
tipover device is shown in Fig. 37. In Fig. 38 the machine is loaded 
at a higher level than the pieces occupy on the conveyer, and a por¬ 
tion of the conveyer has an elevator inserted for lifting the blocks. 
In addition to contributing to the relief of operator’s burdens, these 
examples are considerations in helping the flow and movement of 
materials. 

Air or hydraulic clamping devices are quicker in action, more 
constant in clamping power, and more convenient than hand oper¬ 
ated clamps and save human energy. Where several clamps are 
used in one fixture, arrangements can usually be made to close them 
simultaneously by air or hydraulic means. The motor device for 
air or hydraulic clamping is a cylinder and piston. Two types are 
available; the rotating and nonrotating. Rotating cylinders are 
used on revolving spindles. One is shown in Fig. 13. Chucks oper¬ 
ated by such cylinders are shown in Fig. 17. Nonrotating cylinders 
are depicted in Figs. 20 and 53. 

Considerable savings in time are possible from the use of air or 
hydraulic clamps, A large company conducted a survey to find 
the difference in time between air and manual chucking. For round 
pieces, light enough to be lifted into the chuck by hand, the following 
results in Table 1 were reported: 


TABLE l\ 

Comparative Time with Air and Manual Chucking 


Size Chuck 

Manual Operation {Min,) 

Air Operation {Min,) 

6 

0.25 


0.05 

8 

0.35 


0.10 

10 

0.45 


0.10 

12 

0.50 


0.10 

15 

0.80 


0.12 


’As reported by Harry L. Stewart, “Air and Hydraulic Clamping for Jigs 
and Fixtures,^’ The Tool Engineer^ Dec. 1948, Vol. XXI, No. 6, p. 25. 
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The average ratio of chucking time between manual operation 
and air operation is four to one. As far as speed is concerned, 
hydraulic operation is a close rival to air operation. 

In addition, air or hydraulic clamping can be controlled more 
uniformly than manual clamping, thus reducing tendencies for work- 
piece breakage or distortion and insufficient grip. 

The savings so far indicated are in addition to the energy and 
strain saved the operator. It has been proven conclusively that 
operator fatigue can be greatly reduced by the use of air or hydraulic 
clamping means where large exertions must be made. If the oper¬ 
ator is called upon for heavy manual labor, his efficiency is found to 
dwindle appreciably with time on a shift. This is not the case where 
the effort is taken over by air or hydraulic devices. Also physical 
impairment has been caused by operators straining themselves on 
large manual clamping devices. 

It should be remembered that air or hydraulic devices are more 
costly to install and operate than conventional manual devices. 
Although there should be justification for their use, air or mechanical 
devices are not reserved necessarily for very high production. Air 
chucks on engine and turret lathes handling a large variety of work 
are not uncommon. On the other hand, cases may be cited even 
for high production where the use of complicated powered devices add 
so much complication and expense as to make them uneconomical. 

Where such means are justified, the general rule, as stated by 
Stewart,® to be followed in choosing between air and hydraulic 
devices is as follows: 

If your application requires a large amount of power, a minimum amount 
of space, average cycling, and normal heat, use hydraulics; if your applica¬ 
tion requires, a meffium amount of pressure, plenty of space, high cycling, 
high temperatures, use air. 

Lightening of burden includes those means whereby the physical 
load placed on the operator is reduced. Where the load is at a 
feasible minimum, means to take up part or all of it may be adopted, 
as explained in the first part of this section. If the object of burden 
is a workpiece, not much can usually be done to reduce its bulk as 
that is determined by necessary, specifications, and the use of sup¬ 
plementary power must be made if the piece is too cumbersome. 

* Op, cit, % 
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Often, however, tools add excessively to the load. Jigs enclosing 
the w orkpiece may have to be moved about or turned over. Good 
design dictates construction that is as light as possible in keeping 
with adequate strength and rigidity. 



Fig. 39. Proper distribution of material in tools. This is an important 
factor in securing adequate strength and rigidity with the least weight. 



Fig. 40. Two examples of box jigs for drilling, reaming, or spot-facing a 
number of holes related to different surfaces. 

The body of each jig is of welded construction, which provides a minimum 
weight with adequate strength and rigidity. For addhjd strength, reinforcing 
strips are welded along the panels. Details subjected to w^ear, like the feet and 
bushings, are hardened, ground, and pressed or fastened with screw^s in place. 
(Courtesy Lincoln Electric Co,, Cleveland.) 
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The study of the strength of materials tells us that the unit 
stress of any structural member subject to bending varies from a 
maximum at the outer fiber to zero at the neutral axis. It is, there¬ 
fore, logical to place more material at the outside and remove some 
of that near the neutral surface to achieve maximum strength and 
rigidity for a certain amount of material. In Fig. 39, hypothetical 
members to resist a force F, or components Fi and F 2 , are shown. 
At A the square or rectangular section uses the most material for a 
given stress or deflection. For a force in one direction, the I section 
of B uses theoretically the least material, but modifications like the 
T section may give practically the same effect with easier construc¬ 
tion. For forces in two directions, the box section is theoretically 
the most economical of material, but others, like the U section, 
approach it and may be more desirable for certain applications. 

In addition to the shape, the material used and the method of 
fabrication are considerations in achieving desired properties of 
tools with minimum material. Welding of steel plates to form jigs, 
fixtures, gages, and other tools is a means of securing these attributes. 

The two jigs of Fig. 40 are examples of welded construction of 
machine steel plates for lightness with strength. The large areas 
are reinforced by weWed strips. Surfaces subject to wear, like 
bushings, legs, and locators, are attached to the frame. 

The fixture of Fig. 41 is another noteworthy example of light 
weight, yet sturdy construction. Holes drilled in the frame reduce 
weight and facilitate grasping the fixture. 

Conservation of skill 

Skill may be conserved by reducing the level of skill necessary 
to do a job and by utilizing the skill available to the utmost. Two 
basic principles of tooling applicable to this consideration are: 

1. Transfer of skill. 

2. Advantage of perception. 

Transfer of skill to tools and machines may be done by: 

a. Building skill into tools. 

b. Making tools foolproof. 

c. Providing means to compensate for variations in workpieces. 

The drill jig has been cited as an outstanding example of building 
skill into tools, since it enables a person considerably less skilled 
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than a toolmaker to drill holes in accurate positions in a piece. 
Built-in skill is a widespread characteristic of machine tools, fixtures, 
jigs, dies, gages, and so on. The problem is that of selecting and 
prescribing the features of tools which most efficiently utilize the 
principle of transfer of skill for a particular purpose. 

A basic rule of tool engineering is that all tools must be foolproof. 
That is, they must be constructed so that the workpiece can be 
inserted in only the correct position in its holding device or the 
tools can be brought to bear in only the right way. Anything less 
exacts a needless exercise of skill. An example of a foolproof jig 
is that of Fig. 42. The jig must fit on the casting in a definite posi- 



Fig. 41. A fixture for drilling and tapping. The curved casting has three 
holes to be drilled and tapped, all at different angles. To facilitate this, the fix¬ 
ture is made with three lower faces having pins, the ends of which are in planes 
at right angles to each hole. The curved upper face of the fixture fits the flAsting 
that it holds against turning. Each of the holes is brought into correct position 
under the drill and then under the tap by merely rocking the light fixture onto 
each of the three sets of pins successively and shifting the fixture sidewise. Each 
of the holes is spotted in making the casting, hence, the drill finds itself readily, 
and no drill bushing is required. The pins prevent chips from interfering wi& 
proper leveling of the fixture in each position. (Courtesy New Jersey Zinc Co., 
New York.) 
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tion. Fodlproofing results from the position and size of the end- 
locating block, which will not pass the casting if the jig is put on 
wrong. The fixtures of Figs. 43 and 44 also are made so that it is 
not possible to insert the workpieces backwards. 

Rough workpieces vary considerably in comparison with finished 
pieces. To maintrin a reasonable relationship between the rough 
surfaces that will remain and the finished surfaces which are im¬ 
posed on a piece, a skilled mechanic checks and aligns each piece 
to compensate for variations. This procedure is too slow and exact- 



Fig. 42. An example of a foolproofed jig. The plate jig is shown in two posi¬ 
tions on the right and left of the small cylinder block casting on which it is used. 
The jig locates a number of holes of different sizes as shown in the top view on the 
left. It is necessary to foolproof the jig so that the positions of the holes will not 
be reversed. The screws, shown in the jig in its upside-down position on the 
right, pull the locators against the side of the casting. The end locator bears 
against the large end of the piece and clears the small lug there. If an attempt 
is made to fit the jig 180® from its correct position, the end-locating block will 
not pass the taper^ end of the casting base and will prevent the jig from going 
on in the wrong position. 

ing for production. For the unskilled workman, plans are made so 
that he may locate each piece in a definite position most fitting to 
its characteristics, so that the clamping means will engage each 
piece securely and so that other surfaces than the locating surfaces 
can be rdnforced by nondistorting supports. This brings into use 
the principles of location presented in Ghap. 13 and the ability to 
resist deflection discussed in Chap. 14. A jig embodying these 
principles is shown in Fig. 43. Each part is nested in the jig to 



PLANNING AND TOOLING FOR ECONOMY 


119 


centralize the hole with the body through which it is drilled. Equal¬ 
izing locators compensate for variations to permit uniform clamping. 
In addition, the upper locators foolproof the jig so that the pieces 
can be inserted in only one way. 

Another example of compensation and foolproofing is diown in 
Fig. 44, for drilling the wrist pin holes in the bosses at the small 
ends of two connecting rods at once. 



Fig. 43. A standard universal jig body adapted to drill a hole in 
each of two shift forks. This design illustrates means of controlling 
the effect of workpiece variation. In the first place, each part is nes^ 
in tapered locators to centralize the hole with the body through which 
it is drilled. Second, the locators in the lower adapter are compensated 
to allow for variation from piece to piece and provide equal clamping 
effect upon each piece. 

The upper locating fingers take the pieces in only one position and 
thus foolproof the jig. 

The head is raised for placing or removing the workpiece and low¬ 
ered for clamping. The projections above the head are ^gi:^e posts for 
a drill head. (Courtesy Swartz Tool Products Co., Detroit.) 
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Advantage of 'perception includes means to increase the ability of 
a workman in visualizing the going state of conditions in an opera¬ 
tion. Usually when the perception of a job is magnified, the skill 
necessary to do it is reduced. If measuring instruments are crude, 
more reliance must be placed upon judgment and ^^feeP' in deter¬ 
mining dimensions. That requires a higher order of skill than if the 
workman has devices which tell him clearly and reliably what the 
dimensions are. This concept is demonstiated in Fig. 201 in rela¬ 
tion to cylindrical grinding. Close tolerances in grinding are affected 
by many factors; the condition of the machine, the condition of the 
workpiece, the wear of the wheel, and the manipulation of the ma¬ 
chine. A highly skilled operator is able to work the machine in 



Fig. 44. Two jigs arranged in tandem and operated from one control point. 
The bosses at the small ends of the connecting rods, in which the wrist pin holes 
are drilled, are automatically centered by tapered locators in the heads when 
clamped. Variation between two parts in the jig is taken care of by the clamp¬ 
ing springs, shown at the rear with their dust covers removed, through which the 
clamping forces are transmitted to the heads from the single clamping lever. 
The heads are held irreversibly in place by the fixture lock through which the 
handle moves the linkage. (Court«esy Swartz Tool Products Co., Detroit.) 
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very much the same way for each piece and estimate from the grind¬ 
ing action what is taking place. But the type of gage illustrated 
reflects instantaneous behavior of the operation and aids in obtaining 
the results with the exercise of less skill than would be required 
without it. 

Combination of operations 

The combination of operations is one of the most profitable ways 
of eliminating elements. It may be done by: 

1. Simultation. 

2. Integration of cuts. 

SimuUation involves doing two or more elements of an operation 
at the same time. That includes taking two or more cuts simultane¬ 
ously or arranging for the machine to be working at the same time 



Fig. 46. A turret lathe tooled for multiple cuts from the hexagonal turret, 
combined with a cut taken by a tool in the square cross-slide turret. (Courtesy 
Warner and Swasey Co,, Cleveland.) 




Fig. 46. Right- and left-hand fixtures on a milling machine, one working 
while the other is unloaded and loaded. The table stops after each out so the 
operator will not be endangered by its reversing before he finishes loading. 
(Courtesy Brown & Sharpe Mfg. Co., Providence, Rhode Island.) 
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the operator is engaged productively. It is a duty of the tool en¬ 
gineer to provide the means for simultation where the latter is 
justified. 

Simultation is a common objective of special setups and is ex¬ 
emplified in Figs. 30, 68, 147 through 150, 154, 155, and 156. How¬ 
ever, advantages of simultation may quite often be realized from 
resourceful tooling of standard machines. Much of the economy 



Fig. 47. An air-cleaning fixture at the side of a tapping machine. Two 
operations, tanping and cleaning the threads, are done together. (Courtesy 
Penn Electric Switch Co., Goshen, Ind.) 
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of turret lathe work is derived from multiple and combined cuts. 
Figure 45 shows a turret lathe, tooled for multiple cuts from the 
hexagonal turret combined with a cut taken by a tool in the square 
cross slide turret. The same idea is carried over into automatic 
lathes. 

For milling, a standard machine may have a fixture installed at 
each end of the table so that one may be unloaded and loaded while 
the other holds the piece being machined, as shown in Fig. 46. 
The indexing table, which is a standard attachment, holds two 
fixtures for the same effect on the machine of Fig. 231. A cleaning 
fixture is shown installed beside a tapping machine in Fig. 47 to 
enable cleaning to be incorporated into the tapping operation. 

Integration of cuts requires means to incorporate several cuts 
successively in an operation, even though they are not done simul¬ 
taneously. That this is a means of eliminating elements is obvious 
from comparison of any combined operation with the separate opera¬ 
tions otherwise necessary to make the individual cuts. Thus, if 
drilling is done in separate operations, elements of loading, position¬ 
ing, and unloading are needed for each operation. But if the several 
holes are drilled in one operation, all but one loading and one unload¬ 
ing element is eliminated. One setup instead of several is likewise 
incurred. 

A common device used for integration of cuts is the box jig, 
shown in Fig. 40, in which a number of dissimilar holes may be 
drilled, bored, or reamed in a workpiece in one operation on a standard 
drill press. 

There are a number of general variations to the problem of sup¬ 
plying the equipment for machining more than one surface of a part 
in the same operation. Quite often the surfaces are oblique to each 
other. Sometimes it may be desirable to provide means to position 
the surfaces with respect to the conventional positions occupied by 
the tools; at other times, it may be advantageous to hold the. work 
in a normal position and arrange the tools and machine to suit. The 
most economical arrangement for any specific case depends upon the 
considerations involved, such as the quantity, actual relationships 
between the surfaces, the type of process, etc. ' 

Box jigs like those of Fig. 40 have feet on the sides at right angles 
to each other to position holes occurring in ,the same relationship. 
Holes, or surfaces, may be at other than right angles. Such is the 
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case of the holes in the curved casting of Fig. 41. That fixture has 
three base surfaces with legs in planes to position each of the holes 
vertically. A frequently met consideration is to proportion the 
legs so that all the holes can be drilled to their desired depths with 
the same setting of the stop on the drill press spindle. 

An ingenious arrangement for positioning a piece so that two 
oblique holes may be drilled and then tapped is shown in Fig. 48. 



Fig. 48. Drilling and tapping fixtures. These simple fixtures are used for 
drilling and tapping holes in trunk hinges. The parts nest in the locators so 
that they cannot turn or rock. The two holes to be drilled in the bosses and 
then tapped are not parallel, so the holder blocks are mounted on swinging links 
pivoted to the bases bolted to the drill press table. When the holder block is 
swung to the right against one stop, the hole at one end comes under the tool. 
Then the block is swung to the left against another stop, bringing the other boss 
into line. In such position the piece is differently inclined to bring the axis of 
the boss into line with the axis of the tool. Four to^five hundred castings arc 
drilled and tapped per hour by one operator, using first the drilling and then the 
tapping fixture. Had the holes been parallel, they could have been cored con¬ 
veniently to size to eliminate the drilling and a simpler sliding fixture like that 
of Fig. 31 could have been used. 
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The simple tilting mechanism is built into the fixture and gives 
automatic positioning with respect to the tools. 

Auxiliary devices may be used with or incorporated into jigs and 
fixtures for the purpose of consecutive positioning. For drilling 
angular holes, jigs are sometimes used with cradles in which they 
are held in appropriate positions, like that of Fig. 49. For lightness, 
large cradles may be made of hardwood faced with sheet metal. 

Where permanent legs holding a jig at an angle may be in the 
way of other positions, swinging legs can be used instead, to be turned 
out of the way or latched in place when neeited. 

* I Hot* in thi$ tinn drifted 

1 whnn pg ts m croddit. 



Fig. 49. An outline of a jig for angular holes with a cradle for position¬ 
ing it advantageously. 

One of the commonest positioning means for consecutive place¬ 
ment is indexing. There are three general types of indexing devices: 
the trunnion, rotary table, and straight line. Figure 36 shows the 
details of a trunnion-type indexing fixture. Another application is 
shown in Fig. 154. Applications of rotary-table indexing are illus¬ 
trated in Figs. 68, 142, 147, 155, 156, and 231. A fixture utilizing 
straight-line indexing is part of Fig. 143. 

For some types of operations, like milling, it may be desirable 
to present several surfaces to be machined in suitable positions to 
save individual setups. Examples of such arrangements are shown 
in Figs. 70 and 148. 

Instead of positioning the workpiece to conform to the conven- 
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tional positions of the tools, the alternative of holding the workpiece 
in a normal position and rearranging the tools to suit has been sug¬ 
gested. The latter usually requires special features of the machine 
tool. Adaptations of machine tools for that purpose are shown in 
Figs. 68 and 149. 

ECONOMY OF INDIREQ COSTS 

Reduction of costs of auxiliary services 

So far attention has been focused upon ways and means of se¬ 
curing economy in the direct effort expended upon production. It 
must not be forgotten that all direct production effort is dependent 
upon and closely linked with a number oi auxiliary functions and 
that it is as important and profitable to minimize their costs as those 
of the direct effort. The interest of tool engineering is in furnishing 
the equipment to minimize the indirect costs and enable the auxiliary 
functions to serve the direct effort most efficiently. Important aux¬ 
iliary services are: 

1. Inspection 

2. Scrap disposal 

3. Setup and change over 

4. Cleaning 

5. Maintenance, upkeep, and repairs. 

Inspection in production is done with gages, which normally 
originate with the tool engineer. He naturally has the responsibility 
of furnishing gages which serve most economically in the routine 
of inspection operations in the same way as tools are expected to do 
in the productive operations. That means that gages should con¬ 
form to the principles of motion economy, prevention of undue strain, 
alleviation of heavy labor, and conservation of skill; and most of 
the principles under those headings are fully applicable to gages just 
as much as to tools. But, in addition, inspection can be co-ordinated 
profitably with production by providing suitable gages at the work¬ 
place. Benefits may be derived in two ways, namely: 

a. Through simultation, to provide means for the production 
operator to perform at least a pmliminary* inspection while the 
madbine is working, during time when he mi^t otherwise be idle. 
Even if inspection checks are also made later, the constant attention 
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of the operator helps relieve the burden upon inspection as the 
quality is more likely to be acceptable, and undesirable trends are 
immediately shown up and can be corrected. 

b. Through provision for checking the finished workpieces before 
they are taken from the machine, even if some time is added to the 
operation. In many cases a net gain is possible from the savings 
in rework and the reduced cost of later inspection and handling. 



Fig. 50. A typical face plate fixture for second operation work. 

The sketch shows a flush pin gage that might be supplied to enable the 
operator to check the over-all length of the piece directly from the lo¬ 
cating surface before each piece is removed from the fixture after the 
small end has been faced. 

In the operation shown in Fig. 30, a gage in front of the die enables 
the operator to check each piece while the ram of the press is in 
motion. 

Figure 50 shows a flush pin gage for checking the over-all length 
of a piece before it is taken from the fixture on which the small end 
is faced. A gage like this can be used with one hand more quickly 
than a standard depth micrometer. It represents a definite addition 
to the tooling, as probably a snap gage or length gage would b6 sup¬ 
plied for actual inspection of the piece off the fixture. Its cost of 
fabrication and use may well be more than made up in many cases 
by the savings in inspection and by the assurance it gives the op¬ 
erator. In some plants almost any such simple gages serving the 
same purposes are supplied without hesitation wherever they are 
adaptable because of the good record that similar ones have had. 




Fig. 51. A convenient, yet inexpensive, attachment to a bobbing 
machine, used for checking a worm wheel before removal from the 
arbor. A planer gage is clamped to the way of the outer support, which 
is always a fixed distance from the centerline of the work arbor. A 
mast/er worm is engaged with the work piece, and the movable member 
of the planer gage is brought up to the worm to check the center dis¬ 
tance. The height from the face of the hub to the center of the throat 
and the alignment of the worm can be checked by a height gage. A time 
saving of 50 to 75% in checking worm gears has been reported. (Cour¬ 
tesy of Production Engineering and Management^ attributed to Edgar 
P. Wetzel.) 
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A convenient yet inexpensive gaging attachment made up of 
standard details is shown in Fig. 51 for checking worm wheels before 
they are removed from the bobbing machine on which they are cut. 
A time saving of 50 to 75 per cent in checking the worm gears was 
reported from use of the equipment. 

Scraj) disposal is an item of expense even after the chips or refuse 
have been removed satisfactorily from the vicinity of the actual work 
being done. Some thought should always be given to means for: 

a. Separating scrap from good parts by simple mechanical means 
if the operation is such that the two become mixed. 

b. Economical removal of the scrap from the machine to actual 
storage in the plant for ultimate disposal. 

Too often, scrap material is allowed to drop into the same con¬ 
tainers with the parts coming off a machine, and the two must 
afterwards be separated. Simple mechanical means can usually be 
provided to keep the scrap separate from the good parts. On a 
punch press in one plant, two chutes are placed so that the scrap 
material falls into one and the parts are directed down another one 
as the operation is being performed. 

A strip fed through a compound die may have the blanks punched 
out and then be neatly reinserted in the strip by the action of the 
pressure plates. To twist these pieces again out of the strip from 
which they have been severed is tedious. However, it has been 
found that if the strip with the pieces in place is passed between a 
pair of rolls and then is bent as it leaves the rolls, the inserts will fall 
out undistorted. The scrap strip may then be cut or rolled up for 
disposition. 

For low and moderate production chip removal from a machine 
may have to be a conventional manual operation as typified in 
Fig. 52. However, convenience which will help this form of re¬ 
moval should not be disregarded. Large and accessible depositories 
like that of Fig. 53 are desirable. Sometimes a tray may be pro¬ 
vided to collect the bulk of the chips, as in Fig. 231. The tray can 
be removed and dumped at intervals. 

For high production with a large rate of stock removal, elaborate 
equipment to take the chips from machines may be justified. Some 
machines have conveyers built into them to carry out refuse to ex¬ 
ternal bins. In one artillery shell plant daring World War II, 
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Although certain tool details need to be fastened to the whole 
tool in a way so that they can be released readily when desired, 
care must be taken that the security of the details is not compro¬ 
mised. If details become loose, shift, or drop out, repairs are usually 
necessary. To avoid the cost of such occurrences, details should be 
locked securely in place. For instance, locating or set blocks are 
usually held on with screws, but are also doweled, so that if the 
screws become loose, the blocks will not shift and if the blocks are 
removed, they can be put back readily in the same locations. An¬ 
other example is furnished by the section of the indexing mechanism 
of Fig; 197. Although the wear bushings are pressed into place, 
their heads are put so that there is no chance of their coming out, 
unless the mechanism is intentionally disassembled. 

Repairs can be speeded and their cost reduced by the use of 
commercially obtainable standard details and tools whenever possible. 

Adequate lubrication is perhaps the largest potential contribution 
to long, low-cost performance of any machine. Therefore, in the 
selection of machinery and equipment, the provisions for lubrication 
should not be overlooked. Also, tools deserve more attention on 
this score than they have received in many cases. Since some tools 
are not in themselves power driven, too little attention has been paid 
to means for lubricating their moving parts. Various ways and 
means of lubricating machinery make up a large subject and no 
attempt will be made to go into its technicalities here, which are 
well covered in many texts of machine design. The various possi¬ 
bilities available for any installation should be examined from the 
standpoints of efficient action and economy of utilization. 

Promotion of safety 

The nature of the penalties for a lack of adequate safety measures 
is well expressed by John I. Junkin in his treatise on Power Press 
Protection.^ He has said: 

The story of the industrial accident is a story of profit and loss, for every 
accident is not merely an individual tragedy but is also an equally serious 
production and financial loss. Just as no employee can ever be fully com¬ 
pensated for the loss of a hand neither can the employer ever recover the 


® J. I. Junkin, Power Press Protection. Louisville, Ky.: The Junkin Safety 
Appliance Co., 1946. 
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cost of this compensation. The loss shock will be cushioned for him by his 
insurance carrier but in the end he will pay the full bill with interest. 

In the shop the accident victim is viewed with profound shock and pity 
by his fellow employees. For hours or days they will be haunted by his 
crumpled form or mutilated hand. Efficiency falls and production lags. 
A feeling of uneasy tension will prevail for days for there is always a fearful 
question of who will be next. The accident victim also appears in the ac¬ 
counting department. Here however he is only a small part of a very neat 
and very substantial figure which appears on the debit side of a ledger. 
Here he becomes a part of profit and loss and will remain long after the 
circumstances of his individual accident have been forgotten. 

The safety movement received a great impetus during the war years, 
which has carried over into peace production. Government contracts re¬ 
quired that a set minimum standard of safety practice be maintained and 
mail}'' in industry learned for the first time that good safety was after all 
good business. 

High among the major causes of all industrial accidents is the power or 
stamping press. These presses scattered as they are throughout every type 
of industry take an enormous toll each year. We who have devoted our¬ 
selves to the guarding of these presses wish it were possible to say that we 
have all the answers to the problem. We haven’t. The answers we do have 
are these learned through years of experience with power presses and through 
our own successes and failures in providing safety guards for them. Each 
o{>eration and each press as a rule presents a separate and distinct ])roblem 
due to the varying size and general character of the objects produced and the 
consequent variety of presses and dies used. The human mind is not ca¬ 
pable of performing twelve to twenty thousand identical operations a day 
without momentarily wandering. One careless motion during these mental 
lapses and the operator may be crippled or handicapped for life. Codes 
and regulations drawn by state industrial commissions and insurance com¬ 
panies as a guide to proper press guarding are all too often found not practical 
or specific enough for general use. 

Factors which play an important part in the general problem are press 
maintenance, feeding methods, safety guards, inspection and supervision, 
operating personnel, lighting, and general housekeeping. Careful considera¬ 
tion and a satisfactory solution of each is necessary for the creation of any 
completely satisfactory experience. Failure in any one may mean dis¬ 
aster. ... 

Those who permit slipshod maintenance on power presses should realize 
that the cost of the average press accident in compensation alone is approx¬ 
imately $480.00 while that of the minor repairs which might easily prevent 
this accident cost only a few cents. 

The tool engineer should appreciate all phases of the general 
problem of industrial safety, but primarily he is responsible for 
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furnishing the equipment nece^ary for protection. This concern 
may be divided into three considerations of: 

1. Safeguarding the working zone (point of operation guarding). 

2. Safety of controls and machine mechanisms. 

3. Protection against moving parts (power transmission guard¬ 
ing). 

The problem of safeguarding the working zone is as a general nile 
different for operations in which the stock is fed automatically or 
semi-automatically from what it is if the workpieces must be placed 
individually and the operator is liable to come within the area of 
action of the tools. . 

On high-production primary operations where the raw material 
is in suitable form, insertion of the stock into the machine may be 
automatic. While the tools are acting, there should be no reason 
for the operator getting into the danger zone, but barriers must be 
erected to prevent accidental entry. Some punch press operations 
are of this type. Where automatic rolls or hitch feeds are used, 
care must be taken to see that not only the point of operation but 
also the feeding rolls or mechanism are fully enclosed. For manual 
feed, suitable protection must be provided to keep the operator’s 
hands out of danger. It is usually possible and always preferable 
to include the necessary safety features in the plans for the die. A 
well-guarded continuous press operation in which the die is enclosed 
by a barrier is illustrated in Fig. 66. The barrier allows the operator 
to work within close proximity of the die without actually getting 
into it while it is set for operation. If he must have access to the 
die, the barrier can be swung out of the way; but it is so connected 
to the trip rod that the pedal is disengaged from the clutch of the 
press when the barrier is not in place. 

In the large majority of operations, the pieces must be fed indi¬ 
vidually. Protective arrangements for such operations fall into the 
following classes: 

a. Devices for feeding the pieces at a point outside the zone of 
tool action with mechanical means to pass the pieces into position. 
These devices preferably include automatic ejection, 

b. Automatic interlocking gate guards. * 

c. Sweep guards. 




Fig. 56. A stationary barrier guard. For punch-press work where the stock 
is fed continuously in a strip, whether manually or automatically, stationary 
barriers adjustable to various size dies are often attached to the press frame. 
The barrier must allow the oi)erator to get his hands close to the die, for hand 
feed, to locate and move the sheet or strip easily, and yet prevent him from in¬ 
advertently getting caught within the die itself. He must be able to see the 
work being done. A well-designed barrier can be readily swung out of the w^ay 
to permit easy access to the die for adjustments. A key chained to the barrier 
is desirable for disconnecting the pedal from the clutch mechanism when the 
barrier is out of position, so the press cannot be tripp^ when the operator is 
working with the die. A properly proportioned barrier like the one shown can be 
adjusted to be effective for the full range of dies used in the press for which it is 
intended. One that is not so adaptable lhay be worse than ndne at all if at times 
it appears to give protection, but actually does not. (Courtesy Junkin Safety 
Appliance Go., Louir^ville.) 
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d. Electronic devices. 

e. Pull out devices. 

f. Nonrepeating arrangements. 

g. Two-hand tripping devices and similar interlocking devices 
for two persons. 

h. Tongs and other hand tools. 

Junkin'® says that: 

When one considers that 97 per cent of all press accidents can be traced 
to man failure and only 3 per cent cai^ be attributed to any mechanical 
failure it is evident that by eliminating the human element you have gone 
a long way towards a solution of the problem. , 

Even if the pieces mi^st be fed individually, it is desirable to keep 
the man outside the danger zone if at all possible. Where produc¬ 
tion is sufficient, special devices for this purpose are well worth-while. 
One arrangement is the dial feed, shown on a power press in Fig. 24 
and on a milling machine in Fig. 32. The indexing arrangement for 
the milling operation of Fig. 231 is a variation of this idea. The 
clamping bolt of Fig. 216 is brought through the fixture so that the 
nut can be tightened and loosened on the side away from the cutter. 
Some of the remote feed arrangements are quite simple and com¬ 
paratively inexpensive; for instance, the chutes of Figs. 25 and 26 
over which the operator pushes the parts to the die. Even if the 
parts are not handled by the operator within the danger zone, a 
barrier should be provided around that zone to prevent accidental 
entry. Presumably the guards have been removed temporarily from 
the setups cited to help the photography. Another variation of 
remote feed is that in which the die block is mounted on a slide so 
that it can be pulled out, loaded, and slid under the punch so that 
the operator does not have to load it while it is under the punch. 

The brevity of many runs, the cost of feeding mechanisms, and 
the nature of the work prevents the use of remote loading devices 
in many cases, and it is necessary that the operator place his hands 
in the danger zone to load or unload the work. There are still ways 
of providing protection, and for any case full use should be made 
of such as are necessary to provide adequate’protection. One of 
these is the interlocking gate guard, based on the principle that one 

Op. cit. 
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mechanical motion must be complete before the next is at all pos¬ 
sible. A typical gate guard is shown on the press of Fig. 67. When 
the press is tripped, the gate descends. If the operator's arms present 
an obstruction its motion is stopped. The barrier gate must be 
completely down in a protective position and the operator's hands 
clear of the danger zone before it is possible to actuate the clutch 
mechanism. The guard may be used successfully on all secondary 
operations and on a limited number of primary operations but is not 
adaptable to extremely large presses nor to those employing a friction 
clutch.^^ The bottom rail of the guard is cushioned so as not to be 
a hazard itself. 

The sweep guard consists of a sweeping arm attached directly to 
the ram of a press through a cam and toggle connection. When the 
ram descends, the sweep is mechanically forced across the point of 
operation, clearing the operator's arms from it if they still are in the 
danger zone. The sweep must be well padded so as not to injure 
the operator, should it strike him. Shields are usually placed behind 
the sweep arm to prevent the operator working around it. This 
type of guard is successfully used on large presses. 

Electronic devices may be placed so as to be interrupted by the 
operator's arms if they are in the press. They are arranged so as not 
to permit the press to be actuated until all obstructions are clear. 

Pull-out devices jerk the operator's hands from the danger zone 
when the ram of a press descends. A cable is attached directly to 
the ram and runs over a suitable framework and a series of pulleys 
to bands attached to the operator's wrists. Co-operation of the 
workmen in wearing the wristlets, and checking the effectiveness of 
the pull out after each die change is necessary for satisfactory pro¬ 
tection. 

Most machine tools of the manufacturing type could be arranged 
to proceed automatically from one cycle to the next, but where pieces 
are loaded individually and manually it is very seldom that they are 
so arranged, even though some time might be saved in doing so. The 
reason, obviously, is that the operator may still be engaged in load¬ 
ing a piece when the machine indexes. Consequently, the usual 
practice is to make it necessary for the operator to start each cycle 
manually. Machines arranged in this manner are shown in Figs. 46, 


Op, cU. 




Fig. 57. A gate guard. Punch-press operations are among the most dan¬ 
gerous and require careful attention from a safety standpoint. One type of 
safety guard, illustrated here, is in the form of a pivoted grille that falls by grav¬ 
ity to enclose the die when the pedal for tripping the press is dejn’essed. If the 
operator's hands or any other object are within the die space and prevent the 
guard from reaching the bolster plate, an interlocking mechanism prevents the 
press from operating. (Courtesy Junkiii Safety Appliance Co., Louisville.) 
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68, 155, and 231. The danger of a power press repeating a cycle 
because the operator does not remove his foot from the pedal or from 
failure of the latch spring is prevented by nonrepeat attachments 
wliich make it necessary for the pedal to be returned to its original 
position before the press can be tripped again. 

Two-hand tripping devices are arrangements requiring that both 
hands push buttons or press levers to start a machine. This re¬ 
quires that the operator remove both hands from the point of opera¬ 
tion before tool activity can be started. An example is furnished 
by Fig. 17. Care must be taken that it is not possible to by-pass 
one control and operate a device of this kind by only one hand. An 
extension of the two-hand tripping idea is adapted to large presses 
where two or more operators are employed. Four, six, or more 
buttons are placed in line, depending upon the number of hands, so 
that all operators must signify their hands are free by pressing all 
buttons at once before the press can be tripped. 

To place pieces inside a die or extract them, tongs, pliers, picks, 
and even suction cups are furnished for the operator to use instead 
of endangering his fingers. Such tools should not be hardened and 
in any event their use should be avoided, in favor of some other 
protective means, in connection with dies of such kinds that serious 
damage, or perhaps a dangerous wreck might result from their being 
caught. 

In any kind of operation, the most desirable arrangement is one 
where the operator’s hands are well clear of the cutters during the 
insertion, clamping, and removal of the work. 

Safety of controls and machine mechanisms is a consideration not 
only for actual operation but also for setup and machine repair. 
On power presses a not uncommon source of accident is a falling ram. 
An adequate brake maintained in good working order is necessary 
to avoid this fault. Large presses should be provided with spring 
or compressed-air cylinder counterbalances to support the weight 
of the ram. Foot pedals are frequently covered by guards so that 
they are not depressed by falling objects or by being stepped on 
inadvertently. If a pedal guard is used, care must be taken that 
the pedal does not bind in it. 

On some machine tools, speeds and feeds are changed by replacing 
pick-off gears manually. Many accidents have resulted from oper¬ 
ators trying to do that before the machine has stopped or by the 
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machine being inadvertently started while the operator is making 
the change. A safety measure on some machines is to connect the 
door of the change gear compartment to a switch so that the power 
to the machine is cut off whenever the door is open. 

Protection against moving parts of machines calls for guards com¬ 
pletely enclosing all belts, gears, shafts, flywheels to prevent the 
possibility of anyone around the machine making contact with them. 
All exposed screws, nuts, lugs, etc., whose moving might catch the 
operator, should be avoided; sharp corners and edges should be 
broken. 

Safety should begin with the planning and designing of tools and 
equipment. The examples given of safety have been mostly about 
power presses. It should be remembered that on all kinds of ma¬ 
chines there are hazards like those on power presses and the same 
principles are applicable to them to secure safety. Safety should 
be built into tools, from the removal of sharp edges which are able 
to cut and scratch the operator, to the complete guarding of quick 
and powerful actions which mangle and kill. 

Co-ordination with movement of materials 

Material handling costs are usually a sizable part of manufactur¬ 
ing cost and may even approach the actual machining costs in some 
cases. Material handling is not ordinarily within the province of 
tool engineering, but planning and tooling must not overlook any 
contributions that may be made to keeping down the cost of moving 
materials. 

In a plant, machinery and equipment may be arranged function¬ 
ally or in line. In a functional layout, machines are grouped in 
accordance with the functions they perform; milling machines in 
one group, lathes in another, and so on. Materials are moved from 
group to group. An operation sequence is essential, as far'as it is 
possible, that minimizes long hauls and eliminates backtracking. 
Tooling sometimes has an influence upon these conditions, and such 
possibilities should not be overlooked. For instance, it may be 
desirable to provide tools for spot-facing surfaces on a workpiece 
while it is in the drilling machine group to avoid having to carry 
it over to the milling machines to have the suWaces finished. 

For line production, the arrangement of machines is by product 
or component to be made. Thus, machines and equipment are placed 
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in order of the operations to be performed on a part, like in a con¬ 
necting rod department. With such a system, the balancing of 
operations is important for smoothness of flow and is largely depend¬ 
ent upon specifications of machines and tools. 

As another consideration, several parts may be run over one line 
or their lines may intertwine to allow combined use of equipment. 
Efficient tool planning may often result in appreciable economies 
under such circumstances. An indication of such a situation is 
shown in Fig. 156. 

Also, for line production the design and selection of tools and 
equipment adaptable to conveyers should be considered. Machines 
or tools may be arranged to constitute, in effect, stations on a con¬ 
veyer line, like those of Figs. 37, 144, and 150. Where that is not 
entirely feasible, consideration should be given to making the holding 
devices amenable to easy transfer of the parts to and from the 
conveyer or other means of transporting them. An illustration of 
this is Fig. 38. 

Workpiece mutilation in handling is a source of loss against 
which the tool engineer can often take effective steps. Scratching, 
scoring, and nicking of finished surfaces may be difficult to prevent, 
unless means are provided to guard against them. To keep parts 
from bumping together, simple racks or compart,mentalized boxes 
are often furnished for articles handled in lots. Sometimes masks 
are desirable to cover highly finished surfaces. They need not be 
elaborate: cardboard for some cases, just oiled paper for others. 
Even though the precautions may be simple, provision must be 
made for them and the proper materials or devices must be on hand 
when needed. 

Confiderations of availability 

The urgency of a project sometimes dictates the necessity of 
using a tool which is readily obtainable, rather than a more efficient 
one which may take time to construct or procure. At times, scarcity 
of certain materials or products may prompt the use of substitutes. 
Under such circumstances certain costs are likely to be higher than 
normal, but the possibility of achieving ultimate economy must not 
be overlooked. Delays in production schedules can bring about 
very serious losses. A single tool, machine* or type of material can 
hold up a large program. If a loss must be taken to realize a larger 
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saving, it is logical to accept it. This is one consideration that has 
led to the widespread choice of welding for fabricating jigs, jfixtures, 
and other tods which otherwise might be cast. Making a pattern, 
founding, and machining the casting consume several weeks, at least 
in most cases, whereas welded structures can be fabricated in a few 
hours to a few days. This is often helpful in getting a project under 
way and completed rapidly. 

ECONOMY OF FIXED COSTS 

Low construction costs 

Low initial costs of tools, machines, and equipment can be pro¬ 
moted by: 

1. Observance of prindples of economical construction. 

2. Use of standard tool details. 

3. Adaptation of standard machine units. 

The principles of economical construction include the following 
requirements: 

a. A simple mechanism that will fulfill the requirements of a job 
is preferred to more elaborate devises. 

b. Tools should have sufficient quality for the purposes intended, 
but should not be built too well. 

c. Full advantage should be taken of the techniques of tool-, 
making to get low-cost construction, 

d. Construct tools as much as possible so that they have a wide 
range of usefulness. The cost of one tool may thus be spread over 
more than one job and the expense of additional tooling can be 
reduced. 

In many cases complex mechanisms are justified because the 
savings which they bring about in motion economy, conservation of 
effort, and elimination of attention more than offset their cost. 
However, the simplest device which adequately meets the require¬ 
ments of any particular case is the logical one for it. For instance, 
the clamping of a piece may be done through the use of screw clamps, 
quick-acting but hand-operated cam or toggle clamps, or an air- 
operated cylinder and toggles or cams. The pBeces are clamped in 
the fixture of Fig. 231 by a number of screw clamps at each station. 
More expensive clamping mechanisms requiring fewer motions and 



Fig. 58. A quick-acting fixture. In this fixture, jaws, which are moved by 
pins in eccentric slots in a pivoted disk, to which the handle at the right is at¬ 
tached, clamp the casting quickly and securely, and position it under the large 
tap, which is then lowered to produce a coarse thread in the cored hole of the 
casting. Jaw blocks fit a slide that holds them in line, but their ends, instead of 
being machined to fit the casting, are themselves cut from a die casting that hap¬ 
pens to be available in a size that mates with the outside of the casting to be 
tapped. Except for the jaw ends, the fixture is one standardized for use in the 
shop producing the die castings. It can be adapted to fit many small castings by 
merely changing the jaw blocks, and has the advantages of quick operation and 
poedtive clamping in correct position. (Courtesy New Jersey Zinc Co., New 
York.) 
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less time and effort are entirely feasible for that job; in fact, have 
been applied quite often in the same capacity on the same kinds of 
parts. But in this case the operator has ample time to unclamp, 
unlo^, load, and clamp two pieces, while the machine is taking the 
cuts on the pieces in the other fixture. Any saving in clamping time 
that might be brought about by more expensive means is scarcely 



Fig. 59. An elaborate fixture that is actually a combined fixture and machine 
in which rams carrying one or more punches are advanced simultaneously from 
five sides of the casting. The punches shear flash from eleven through-cored 
holes and the five rams are advanced and withdrawn by merely operating a single 
valve in the hydraulic system. Although such a fixture is rather costly, its use 
is justified by the fact that large quantities of the motor-housing castings are re¬ 
quired and can be put through the machine at the rate of thirteen hundred an 
hour (Courtesy New Jersey Zinc Co., New York.) 


usable under the circumstances. However, if production is high 
enough so that another machine can be gainfully employed and the 
operator can be enabled to operate two or more machines, or be 
released for other duties during part of each cycle, then the more 
complicated and expensive clamping mechanism may be economical. 

A less expensive fixture than that q£ Fig. 68 may be made to 
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serve the same purpose by means of a screw, right-hand on one end 
and left-hand on the other, engaging nuts attached to the jaws to 
move them. Such a mechanism is slower than the one illustrated in 
Fig. 58. Since the cam clamping mechamism makes a direct con¬ 
tribution to reducing the time of each cycle of the operation, its 
complexity and cost is justified. 



Fig. 60. Three methods of making a jig, depending upon service 
requirements. At (A) a template of soft steel is depicted. That is 
adequate to guide a drill if only a very few pieces are to be drilled. At 
(B) a hardened bushing is shown pressed directly into a softested tem¬ 
plate. That is sufficitmt where there is little or no prospect of the bush¬ 
ing being replaced before the job is done. At (C) is shown a bushing 
which must be removed. It may be that wear is expected to necessi¬ 
tate replacement or the bushing may be slipped in and out during the 
operation. The guide bushing fits in a liner bushing pressed into the 
soft bushing plate. 

An elaborate arrangement for punching a number of holes.at once 
from five directions in a die casting is shown in Fig. 59. Simpler 
arrangements obviously are possible. The pieces might be placed 
consecutively in several dies, which together conceivably could be 
made more cheaply than the combination. In that case, direct 
costs would be more per piece. The large quantity of production 
justifies the costly device shown. On the. other hand, it is quite 
possible that elaborate and expensive installations may fail to pay 
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out even on high production jobs. Hinman^^ reports an instance 
where 12 hydraulic punching units, with quick-action compressed-air 
returns, were set horizontally for perforating the same number of 
holes through the outside wall of a drawn shell. This contrivance 
did not produce any better work than, and was not as fast as, a side- 
cam die in an ordinary punch press, although the elaborate affair 
cost ten times as much as the die. 

It is obviously poor economy to try to make tools cheaply if 
they do not do a good job or if they do not stand up. On the other 
hand, tools are too often made with a life prospect far beyond that 
needed or with refinements which enable it to do a much superior 
job than is necessary. 

A drill jig has one or more accurately located holes for guiding 
the cutting tool. If the number of pieces for which a jig is to be 
used is limited, the guide hole or holes may be bored in the soft body 
of the jig, as indicated at A in Fig. 60. If many holes are drilled 
from such a template, wear in the hole will defile the accuracy of the 
jig. For larger quantities, a hardened bushing is inserted in the 
template, as shown in Fig. 60B, and adds to the cost of the jig. 
The entire plate is not hardened unless it is small because resultant 
warpage is likely to upset the accurate location of the hole. If the 
bushing must be replaced, it is placed within a liner bushing, pressed 
into the soft plate to increase the life of the jig, as at C. The jus¬ 
tified cost of each construction depends upon the extent of the 
service for which the jig is made. Obviously, the cost of the con¬ 
struction of C would be excessive when the production justifies only 
A or B. 

Obviously, if the drill guide hole, or holes, of a jig can be elim¬ 
inated altogether, so that only the fixture features remain, a decided 
saving in tool costs can be realized. This is what was done on the 
job illustrated in Fig. 41. Arrangements were made in the die to 
spot each of the holes in the casting to start the drill, making bushings 
unnecessary. An attachment to a drill press, which serves the same 
purpose is described and illustrated in Fig. 230. The tool can be 
preset to locate a number of holes consecutively and accurately in a 
definite pattern for any number of a series of workpieces. Although 
the attachment is by itself much more expensive than almost any 

“C. W. Hinman, Die Engineering Layouts and Formulas^ p. 167. New 
York: McGraw-Hill Book Co., Inc., 1943. 
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drill jig, it can be reset and used readily from one kind of part to 
another, whereas a drill jig usually is built for one particular part 
and, after production has ceased on that line, the jig is worthless. 
Where either a jig or the hole spacer can be used on a job, the direct 
time with either device is about the same, but the fixed charges 
in many cases are less for the hole spacer. 

As is pointed out in Chap. 14, accuracy is maintained over a 
longer period of time when harder but m6re expensive materials are 
used. Obviously, judgment must be exercised in the i^lection of 
wear-resistant materials to obtain, the lowest fixed cost per unit 
produced. 

In making tools, as with almost everything, there are a number of 
ways of turning but a suitable article. Ordinarily, the toolmaker is 
not in a position to know what the ultimate requiremehts/are for a 
specific job nor can he be expected to be acquainted with all the 
considerations affecting the choice of a suitable type of construction. 
The tool engineer has the means of ascertaining the necessary fea¬ 
tures that a tool should possess but in addition, must have an under¬ 
standing of the toolm^ing procedures available. to satisfy the toors 
i^uiyements so that he can specify the most economical,for; the 
llUrpose. It is not possible within the frameworkiof this text to give 
a' complete treatment to the art of toolmaking nor describe many of 
its ^actices,;but a few examples are offered to illustrate the necessity 
of ah understanding of it as a basis for specifying economical tool 
construction. 

Medium- or large-sized jig, fixture, and machine bodies may be 
east in one piece or fabricated by welding from steel shapes. If a 
pattern must be made and charged against one casting, welded 
construction is cheaper and quicker, especially since the casting 
must be machined. A welded steel unit is stronger than a cast 
unit of the same weight and if strength is the only consideration, 
the choice of welding is indicated. To benefit from this choice to 
the utmost, a knowledge of the best ways of utilizing welding tech¬ 
niques is essential. For quantity production of tool bodies, casting 
is adaptable to production methods. Cast iron also has superior 
ability to dampen out vibrations and wearing properties for slides. 
For these advantages, castings may be the logical choice for certain 
tools. In such cases, an understanding of the proportions which 
save coring, allow the pattern to be drawn from the s^nd most 
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easily^ benefit the flow of the iron in the mold, insure uniform cooling, 
and result in the minimum of machining is helpful. 

Castings for commercial products, which must appeal to the eye 
or for which functional strength is carefully calculated, may have 
generous fillets. These are placed on a wood pattern in the form of 
leather strips. A cheaper way is to make small wax fillets on a pat- 



Fig. 61. A vise fixture. The standard plain vise on the milling-inachine 
table is equipped with special jaws for holding the iitegular workpiece that could 
not be held satisfactorily in the standard jaws. Special jaws can often be ap¬ 
plied to a standard vise at a lower cost than a fixture can be made for a part. 
(Courtesy Cincinnati Milling Machine Co., Cincinnati.) 

tern. Such fillets may serve quite as well as larger ones for tool 
castings, where only one or a few are to be made. That is one 
example of how the cost of building tools may be kept down. Other 
examples are suggested in Figs. 117, 118, 125, 127, 128, and ISO. 
Although they are shown as desirable features of produot^ design, 
the ideas conveyed by those figures are applicable to toolmaking 
as well. 
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The jig borer depicted in Fig. 100 is an invaluable means of 
building accuracy into tools. Its effective use requires care and 
skill and an appreciation of techniques by which accuracy is obtained 
and of their capabilities and limitations is essential to get desired 
results at the least possible cost. 

The cost of a tool which is usable for only one job must be charged 
entirely against that job. On the other hand, a tool which is adapt¬ 
able to more than one job is logically carried by all, and its cost 
prorated over all the jobs is comparatively small for each. Conse¬ 
quently, economy can often be achieved by calling for fixtures, jigs, 
dies, etc., which are not confined to one application. This is carried 
out in a common practice of making special-shaped jaws to fit specific 
parts to be machined; the jaws being replaceable in standard vise 
bodies. An example of special jaws on a standard vise is shown in 
Fig. 61. A universal fixture body with special jaws, used on many 
jobs in one shop, is shown in Fig. 58. One of the advantages of 
commercial universal jig and fixture bodies, like those shown in 
Figs. 43, 44, and 198, is that usually only a few minor details need 
to be added to a suitable body to adapt it to a specific part. When 
that part is discontinued, the special details may be removed, and 
the body is salvaged. Often several sets of special details are 
stocked for a number of different parts which are run at intervals. 
Whenever it is desired to run one of the parts, the appropriate details 
are placed on the universal body. 

The lamp bases shown in Fig. 62 must have three holes in some 
models, six in others. By punching these holes instead of coring 
them, one die suffices for all the castings. Thus by an arrangement 
that is well thought out, the cost of one die is saved. 

Standard tool details are available in commercial form. Standard 
commercial machines, holding devices, cutting tools, gages, etc. are 
cheaper, more quickly obtainable, are based upon more comprehen¬ 
sive design effort, are produced in sufficient quantities to justify the 
most suitable equipment for their manufacture, and are subjected 
to much more extensive and severe testing than specially made tools 
and equipment. Therefore, if properly selected, they are more 
likely to possess desirable qualifications for any job for which they 
are adaptable and should be chosen whenever available and suitable. 

A representative commercial tooling it^m is the universal jig 
and fixture body which is offered by a number of manufacturers in a 
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Fig. 62. Good design saves tooling. Several holes must be pierced in a thin 
section lamp base. Some bases must have three holes, others six as depicted, 
^e castings are pivoted in the central hole, around a pin in front of the die, and 
indexed against a pin. The holes are about IJi in, in diameter and could be 
cored, but a punching operation would still be necessary to remove the flash. 
Also, two different casting dies would be required for "the three-hole and six-hole 
models, if the holes were cored; whereas one die answers for both when the holes 
are pierced. (Courtesy New Jersey Zinc Cf., New York.) 
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large variety of types and sizes. Jigs constructed from such uni¬ 
versal bodies are illustrated in Figs. 43, 44, and 198. Usually, it is 
only necessary to add locators and bushings to an appropriate uni¬ 
versal body to construct an efficient drill jig. 

A widely used commercial accessory for punch press work is the 
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Fig. 63. Commercial die units. Commercial hole-punching units are 
mounted on a standard die set to make this die for punching a number of holes 
in a sheet of metal. The building of such a die becomes a simple assembly job. 
The components from which the die is constructed can be purchased much more 
cheaply than comparable special details can be custom-made, one or a few at a 
time, in the tool room of a manufacturing plant. (Courtesy Wales-Strippit 
Corp., North Tonawanda, N. Y.) 

die set. Figure 63 shows a punch and die constructed from a typical 
die set and standard punching units. 

The list of standard commercial tools is large and continually 
growing. Included are cutters of many forms, types, and sizes, 
fixture cams and clamps, and gages. A view of representative jig 
and fixture details is presented in Fig. 64. The layout of a milling 




PLANNING AND TOOLING FOR ECONOMY 


155 


fixture for the most part made of standard details is Fig. 65. A 
standard type of collet fixttire is shown in action in Fig. 20. Sub¬ 
stantial savings in tool costs can be realized by contriving to use as 
many standard tools as can be substituted for special ones. 

Standard machine units are the major components of machine 
tools intended for general purpose or conventional production jobs. 



Fig. 64. Standard commercial jig and fixture details. Many such commer¬ 
cial items are available in a large variety of shapes and sizes. (Courtesy Siewek 
Tool Co., Detroit.) 


Drill presses, radial drills, knee- and column-type milling machines, 
and production-type milling machines are a few among this class. 
They are made in quantities at a much lower cost than machines 
can be made individually. Design cost, pattern costs, setup and 
equipment charges incurred in their manufacture can be allocated 
over many items. Their parts, made in lots by specialists, have a 
comparatively low unit cost. But because standard machines must 
be versatile to appeal to a wide market and enjoy large sales, they 
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are not as efficient for many jobs as are special machines directed 
to doing specific tasks rapidly and easily. 

All machine tools, whether standard or special, perform specific 
types of functions, such as drilling, turning, and milling. No matter 
what the approach or manner of doing a particular type of function, 
certain basic equipment is needed for it. Thus, whether drilling is 
done on a simple drill press or on a complex automatic machine, a 



Fig. 65. A layout drawing of a milling fixture using standard details. 
(Courtesy Siewek Tool Co., Detroit.) 


spindle revolving in a drill head is necessary. This provides the 
basis for a principle important from the standpoint of economy in 
special machine tool construction. The principle is that of unit 
instruction^ whereby units (major components) of standard machines 
are arranged in a desirable manner and combined with supplementary 
adjuncts to make a special machine tool. This practice has con¬ 
tributed markedly to reducing the extent and hazard of the invest¬ 
ment required for special machinery. 
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A simple, inexpensive, but highly productive, machine made of 
standard drill press units is shown in Fig. 66, A standard drill 
press column has two heads in opposition and held horizontally. 
Inserted blade cutters and a special work holding fixture complete 
the assembly. 

Figure 67 shows two drill head units of standard construction 
that are made in quantities specifically for use in various special 
arrangements. Such heads come in various sizes and for light or 



Fig. 66. An inexpensive special machine made of standard units. This is a 
machine constructed for the specific task of facing the ends of die cast aluminum 
motor housings, the same part as shown in Fig. 59. The machine is made of 
recognizable units from a common type of sensitive drill press combined with 
several special items. The press column is held horizontally on legs, and two 
heads are mounted on the column with their spindles in horizontal opposed posi¬ 
tions. Each spindle carries an inserted blade cutter. A special fixture for the 
workpieces is mounted between the heads. Handwheels are used to advance 
the spindles and tools for light cuts, the depths being limited by the conventional 
stops. Both ends of seven hundred castings an hour are faced. (Courtesy New 
Jersey Zinc Co., New York.) 





Pig. 67. Two basic drill head units of standard design. One has a gear 
drive, the other a belt drive. Such heads come in various sizes and for light or 
heavy duty. A built-in cam feed caxises the head to move on its base or column 
with rapid approach, feed, dwell, and return through a predetermined cycle. 
Attachments are available for increasing the versatility of these heads. They 
include a feed reducer, bushing carrier that pilots on to the fixture to align tools, 
multispindle auxiliary head for operations of similar size and depth, and controls 
to start the cycle and interlock with an index table. 
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heavy duty. Figure 68 illustrates two typical applications of stand¬ 
ard drill head units and indexing bases with special mountings for 
the heads and special work holding fixtures and jigs arranged for 
specific jobs. Had custom-built units been used throughout these 
machines, their cost no doubt would have been considerably higher. 
Ordinarily, one machine of this type operates on only one part, al¬ 
though occasionally one machine can be arranged to perform similar 
operations on similar parts with only minor changes. In any event, 
production must be high for the machine to be economical. 

Figure 69 shows the principal components of a manufacturing- 
type milling machine. Cuts on this type of machine are confined 
to one or a few planes. If other passes are required they must be 
performed separately or combined on a special milling machine. If 
production is high enough, it may be profitable to take a number of 
cuts at the same time to save separate operations. The initial cost 
of the special milling machine for this kind of service can be min¬ 
imized by an arrangement of standard units plus a few additional 
special components. 

Figure 70 is an example of a milling machine built basically from 
standard units arranged to do a specific job in an efficient manner. 
The base, table, hydraulic feed unit, drive, spindle carriers, and 
quills are components of a conventional manufacturing-type milling 
macihine. The addition of the special column and horizontal arm, 
drive extension, and the fixtures for holding the workpiece has 
provided for the particular adaptation. 

The apparently elaborate construction of Fig. 71 is not in reality 
much different from the usual duplex manufacturing-type milling 
machine, to which has been added a bridge rail on top of the columns 
and a drive extension to a third standard spindle carrier placed in a 
vertical position. 

The milling machine shown at A in Fig. 72 was originally built 
with four special close-coupled spindle carriers for the machining of 
steering knuckle lugs. When that job was discontinued, it was not 
necessary to scrap the assembly completely as often is the case with 
entirely special machine tools. Instead, it was altered to the form 

shown at B, Fig. 72, saving the bed, table, one column, and drive 

. .. . . ...... . . ... .—. . .. .> . . . . .. . 

Used singly or in units with suitable base and fixtures, heads like these pro¬ 
vide the nucleus for a multitude of special-purpose machines of not excessive 
cost. Examples of machines construeted in this manner are shown in Fig. 68. 
(Courtesy Kingsbury Machine Tool Corp., Keene, N.H.) 





(A) 

• machines made of standard units. In view (A) is a 13- 

spindle, -6-m. automatic indexing machine for drilling, reaming, and tapping the 

np mlTn 1^^ K transmission at the rate of 155 pieces Tn Lur. 

The mam h^s have aiKiliaiy multiple-spindle heads attached. 

View (B) shows a 2Wn. automatic indexing machine for drilling three holes in 
bowling balls at the rate of 240 balls per hour. The operator can a<l- 
““t ll’tbin limits to change the relative position of the 

•“ '-'“‘""O >-■ 

These nwchines utiUze standard drill head units like those described in Fig 
Standai^ index b^ with special mountings for the heads and 
work holding fixtures. (Courtesy Kingsbury Machine Tool Corp., Keene, N.H.) 
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unit. Among the units added for the revision were a standard 
spindle earner and quill, at right, available at a much lower cost 
than a comparable custom-made uni t 

SUMMARY 

The aim of economy in tooling is to secure the lowest uni t cost. 
This means that direct, indirect, and fixed costs must all be con¬ 
sidered. 

Direct costs are incurred in the elemente of an operation. Some 
elements reflect the motions and exertion of the operator; others. 



(B) 



Fig. 69. The main elements or units of a typical hyuraulicaily fed manufac¬ 
turing-type milling machine. In this type of machine versatility is sacrificed 
for ruggedness, the capacity to remove metal rapidly, and simple and rapid 
manipulation. Cutting feed is available in only one co-ordinate direction, and 
although adjustments are possible between cutter and work in the other two 
directions of space, they are time-consuming. Table movement can be set for a 
variety of cycles, but for only one at a time. Movement is started through a 
cycle by the twist of one lever and is stopped automatically. 

Parts macluned on a manufacturing-t 3 rpe milling machine usually must be 
held in a special fixture to bring them into proper relationship to the cutters. 
Thus, production quantities must be sufificiently large to warrant the construction 
of the fixtures and use of this type of machine. Even so, milling is limited on 
the standard models to one or a few planes, and if other passes are required, 
adaptations similar to those illustrated in Pigs. 70, 71, and 72 may be necessary 
or desirable. (Courtesy Cincinnati Milling Machine Co., Cincinnati.) 
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Fig. 70. An otherwise standard plain manufacturing-type milling machine, 
with the addition of a variable-height rail, carrying a standard spindle carrier 
mounted vertically for milling the flange face, bottom and side pads of a tractor 
crankcase front cover. With fixtures at both ends of table, a reciprocating table- 
feed cycle is employed. (Courtesy Cincinnati Milling Machine Co., Cincinnati.) 
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the machine activity. Direct costs can be reduced by reducing 
elements, eliminating elements, or combining elements. To this 
end, use is made of the principles of: 

1. Motion economy applicable to machines and tools, to: 
a. Eliminate unnecessary movements. 



Fig. 71. A special milling machine constructed of standard units. By the 
addition of a special bridge-type fixed-height rail and a third standard spindle 
carrier to an otherwise standard duplex production milling machine, means are 
provided for milling the top, as well as the sides of cast-iron meter bodies in one 
operation, with a comparatively small investment in special equipment. (Cour¬ 
tesy Cincinnati Milling Machine Co., Cincinnati.) 


Fig. 72. How standard units may be salvaged. The machine at A was 
originally used for straddle-milling brake-hanger lugs on steering knuckles. It 
was built up of standard bed, table, drive, and column units with four special 
spindle carriers. After the original job was discontinued, the machine was re¬ 
built and rearranged, as shown at J?, for milling both ends of cylinder blocks. 
The standard l)ed, table, drive, and one column were salvaged and re-used. A 
standard spindle carrier and special column and spindle unit (on the left) were all 
that had to be added. Unit construction permitted the change over with a 
minimum expenditure. (Courtesy of Cincinnati Milling Machine Co., Cincin¬ 
nati.) [Opposite page] 






Fig. 73. View (A) shows a 24-station transfer machine, which does most of 
the machining required on cast-iron compressor bodies for a leading line of do- 
nujstic refrigerators. This is an example of a modern trend in production- 
machinery design, where large quantities of identical pieces are required. 

The left view in (B) shows the rough casting with preliminary machining as 
it comes to the transfer machine. The pieces are located in pairs on fixtures that 
are carried from station to station, and automatically positioned for the various 
cuts. On each pair of compressor bodies, 152 separate operations are performed 
as they go through 19 working stations, 2 inspection stations, 1 loading station, 
and 2 idle stations. These operations require 50 drills, 12 face mills, 2 side mills, 
2 end mills, 12 boring tools, 38 chamfering tools, and 36 taps. 

All of the 31 operating units are fully automatic, hydraulically operated, and 
electrically interlocked. The master control panel is shown at the beginning of 
the line. Each station is a twin unit, working on two pieces at once. Not shown 
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b. Shorten and simplify necessary movements. 

c. Balance the work, 

d. Minimize the use of the eyes. 

e. Eliminate use of hands for holding. 

2. The prevention of undue strain and fatigue by: 

a. Providing comfortable working conditions. 

b. C'Onfoiming to physiological traits. 

3. Alleviation of heavy manual labor hy: 

a. The transfer of power to relieve mi?Jiual effort. 

b. Lightening of direct bunlen. 

4. The conservation of skill by: 

a. The transfer of skill. 

b. Improving the advantage of perception. 

5. Combining operations through: 

a. Simultation. 

b. Integration of cuts. 

Indirect costs are incurred from the services that are vital to 
the smooth continuance of production. Some of these costs are 
dependent, at least partially, upon tooling, and may be minimized by: 

6. Reducing the cost of auxiliary functions such as: 

a. Inspection 

b. Scrap disposal 

c. Setup and change over 

d. Cleaning 

e. Maintenance, upkeep, and repairs. 

7. The promotion of safety. Unsafe conditions result in real 
costs. Tooling may be applied to: 

a. Safeguarding the working zone. 

b. The safety of controls and mechanisms. 

c. Protection against moving parts. 


in the picture^ are a power-driven return conveyer for the work-holding fixtures, 
and a power-driven chip conveyer underneath the full length of the machine. 

The second and third views of the piece show it after it comes off the transfer 
machine and illustrate the variety of work performed from three side directions 
and above. Only two operations remain to finish the piece—diamond boring 
the cylinder and main bearing and grinding or lapping the cylinder head contact 
face. The machine produces 188 pieces per hour at 88% efficiency. 

This type of macMne embodies many of the principles of tooling for economy. 
Similar machines have been made and are used for a large variety of products. 
(Courtesy Greenlee Bros. & Co., Rockford, Ill.) 
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8. Coordination with movement of materials, to reduce handling 
costs, promote a smooth flow, and avoid workpiece mutilation. 

9. Considering availability to save costs of delays. 

Low fixed costs can be had from low initial expenditures for 
equipment, providing functional ability is not sacrificed. This 
means: 

10. Low construction costs, realizable from: 

a. Observance of the principles of economical construction. 

b. The use of standard tool details. 

c. The adaptation of standard machine units. 

QUESTIONS 

1 . With wliat classes of costs are process and tool planning concerned? 

2 . How may an operation be analyzed to find the least time to do it? 

3 . What are the five principles of motion economy of most concern to 
the tool engineer? 

4 . To what elements of an operation do the principles of motion economy 
apply? Why? 

6. The principles upon which the use of tools are based point to what 
economies? 

6. Describe eight principles underlying methods of achieving economy 
in processes and tools. 

7 . What rules are helpful guides to eliminating unnecessary movements? 
Illustrate each by an example. 

8. What movements may be substituted for hand movements? Does 
the replacement always need to be complex? 

9 . How may motions for disposing of a workpiece from an operation be 
reduced or eliminated? 

10 . How may movements sometimes needed for positioning an object 
be reduced or eliminated? 

11 . What rules apply to shortening and simplifying necessary move¬ 
ments? 

12 . In what ways may a working area be arranged to shorten and sim¬ 
plify motions? 

13 . What can be done with loose tools to cut down motions? 

14 . How can the motions for cleaning locating surfaces and clearing 
away chips be kept at a minimum? 
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15. What constitutes a “barrier” in an operation and what effect does it 
have? 

16. How may a cutting fluid aid in reducing motions? 

17. What rules apply to balancing work between the hands? 

18. Describe arrangements for keeping both hands of a machine operator 
busy. 

19. How can the use of the eyes be minimized? 

20. What effect may the sizes of levers or buttons have upon the ease 
with which an operation may be performed? 

21. Why are eye movements important in an operation? 

22. What kind of a holding device Is the human hand? 

23. What kind of a lever on a machine tool is never locked in “go” 
position? 

24. In what two general ways may the effects of strain and fatigue be 
relieved? 

25. What can be done to provide comfortable working conditions? 

26. What should be the workplace height when an operator is seated? 
When he is standing? 

27. What provisions can be made to permit an operator getting close 
to the working area? 

28. What are some of the ways in which a designer can cater to physio¬ 
logical traits of human operators? 

29. Why are duplicate pedals or controls advantageous? 

30. What form of handles for tools and cranks are most efficient? 

31. Where should levers and controls be placed? Why? 

32. How may heavy manual labor be alleviated? 

33. What are some of the devices by which the principle of the transfer 
of power is applied? 

34. What three advantages do air or hydraulic clamping have over 
manual clamping? 

35. What may be done to lighten jigs? 

36. How can skill be conserved? 

37. In what ways can skill be transferred to tools and machines? Give 
an example of each. 

38. What relation does the perception of a job have to the skill required 

to do it? ' 

39. How may operations or elements be combined? 
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40. What is meant by simultation? Describe examples of it. 

41. What advantage is to be gained from integrating the cuts made on a 
part? 

42. What are some of the auxiliary services for which the tool engineer 
can furnish ecjuipment to reduce costs? 

43. In what two ways may benefits be derived from furnishing gages at 
the workplace? Give an example. 

44. What consideration should be given to scrap disposal for economy? 

46. What economies are justified for se up and change over? 

46. How can the cost of maintenance, upkeep, and repair of equipment 
be kept down? 

47. To what degree should long life be built into a tool? 

48. How are tools made so that they can be repaired easily? 

49. How does the use of standard commercial details for tools help 
repairs? 

60. Why is safety an important economic consideration? 

61. What three kinds of protection can the tool engineer furnish in 
safety equipment? 

62. What is meant by “protection of the working zone’’? Give an 
example of it. 

63. Classify protective arrangements which may be adapted to operations 
where the pieces are fed individually. 

64. Describe the following safety devices: (a) dial feed, (b) chute feed, 
(c) interlocking gate guard, (d) sweep guard, (e) electronic guard, (f) pull 
out, (g) two hand trip. 

66. Why are not many machines made fully automatic? 

66. Give several examples of precautions for the safety of controls and 
mechanisms. 

67. How may tooling serve to co-ordinate operations with the flow of 
materials? 

68. In what three general ways can economy be realized in machine and 
tool construction? 

69. State four principles of economical construction of tools. 

60. How elaborate or complicated should a tool be? 

61. How much quality should be built into jigs and fixtures? Give an 
example. 

62. Why are standard universal fixtures and jigs economical? 

63. W^hy are standard tool details often superior to special details? 
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64 . What advantages are offered by standard machine Units for the 

construction of special machine tools? 

66. What characteristics make it possible to use standard machine 

details in the construction of special machine tools? 

66. What principles of tooling for economy are embodied in the transfer 

machine of Fig. 73? Describe how each principle is utilized. 
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5 PRINCIPLES OF ESTIMATING 


THE NATURE OF ESTIMATING 

Why cost estimates are needed 

The economy of one machine or tool as compared with another, 
the most economical method for a job, the advisability of replacing 
a piece of equipment, or the return that can be expected from a 
proposed investment can be ascertained from comparisons of costs. 
An important part of any such problem is the estimating of the costs. 

One of the frequent duties of a tool engineer is to furnish manage¬ 
ment with comparative estimates of the cost of manufacturing an 
article. Studies of that sort involve an appraisal of the costs of 
designing and making tools and equipment, of purchasing standard 
machines and tools, and of the labor and overhead necessary to 
produce the parts. 

It is not uncommon for the selling price of a manufactured article 
to be set, at least in the beginning, by the estimated cost. In fact, 
the cost estimates often determine whether or not a product is actu¬ 
ally made. Much business is contracted on the basis of its probable 
cost of manufacture. Estimates of cost must be reasonably accurate 
if a venture is to be successful. If a job is overpriced, it is lost to 
a competitor. If it is underestimated, it results in a financial loss. 

The tool engineer’s function is not only to furnish the machines, 
tools, and equipment to do a job, but also to provide these means of 
getting it done at the lowest possible cost. To assure this end, he 
must plan all contingencies with the least possible chance of error. 
The ability to foretell costs with reasonable accuracy is the keystone 
of effective planning, for it is the cost that determines ultimately 
whether the project will succeed or fail. Estimates are frequently 
used to control expenditures during manufacture by holding them 
to the amount originally requested. 
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What an estimator does 

In large organizations certain members, called estimators, special¬ 
ize in the preparation of cost estimates. Whether they devote 
their full time to the subject or depend upon it to reinforce their 
over-all activity, as do the tool engineers, they must possess certain 
qualifications for a competent grasp of the endeavor. An estimator 
must know where to find specifications of common materials; be 
able to visualize and outline all the necessary steps to manufacture 
an article; draw upon sufficient knowledge of cost accounting to be 
able to read and take full advantage of cost records; understand the 
fundamentals of time and motion study and be able to prepare and 
make use of standard data from that source; designate the proper 
tooling for a job; and evaluate alternate methods of operation. To 
the uninitiated the degree of accuracy to which an estimator can 
attain is often amazing. In one large machine tool plant, engineers 
estimate and quote on special equipment and tools for the concern's 
customers. The estimated and actual costs respectively of each 
engineer’s assignments are totaled semi-annually and the two are 
expected to agree within 10 per cent. Most engineers and estimators 
experienced in a field can point to records equally as good and fre¬ 
quently better. 

Fundamentals of estimatins 

An estimate has been defined as a guess based upon all known 
measurable factors. Any attempt at foretelling events must be 
based upon what experience has shown to have happened under 
comparable circumstances in the past. Thus, the problem of es¬ 
timating future performance is to determine what must transpire 
and what the resulting charges will be. 

There are many individual variations of estimating procedure. 
Some men draw heavily upon extensive experience and retentive 
memories. Others are more methodical in their use of recorded 
information, in the forms of tables and charts. Fundamentally, 
however, all operate on the basis of one general principle. That is 
to divide a job into parts that can be evaluated by either calcula¬ 
tions or comparison with identical past performance. The extent 
to which a task is divided depends upon the form in which usable 
and comparable information is available. 
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Over-all comparisons 

Previous estimates or actual cost records sometimes reveal data 
on similar parts or operations that can be adapted wholly to a case 
at hand. Care must be exercised to ascertain that the figures used 
reflect suflHiciently identical conditions to warrant their full applica¬ 
tion. For instance, for a previous operation, makeshift jigs, fixtures, 
or tools for a few parts may have caused a larger labor cost than is 
justified on a current run where the quantity is sufficient to justify 
special tools and equipment for the job. Also, past records may have 
been based upon economic conditions for which labor and overhead 
rates were different from those in existence for the present occasion. 
Available equipment or its arran^ment may be entirely different 
under present circumstances from what it was in the past for which 
records are at hand. 

Comparison of elements 

Often estimates based upon over-all comparison with similar 
projects are inadequate or unobtainable. Resort must then be 
made to dividing each operation into elements and comparing them 
with those from a number of other jobs. Any manufacturing opera¬ 
tion is composed of a series of basic elements, each of Avhich is part 
of many other operations. Elements from many jobs are measured 
and tabulated. Suitable elements for the job under consideration 
are selected from the tables, and their time values are added for an 
estimate of the total time needed for the task. 

THE ITEMS OF COST 

Breakdown by functions 

The manufacture of an article requires a number of distinct 
contributions, which may be designated in the following manner: 

1. Auxiliary services. 

a. Designing and drafting. 

b. Production planning and drafting. 

c. Procurement or fabrication of special patterns, core boxes, 
flasks, or tools. 

d. Experimentation, development, testing, or runoff. 
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2. Fabrication functions. 

a. Casting, forming, machining, or finishing processes. 

b. Assembly. 

c. Painting, packing, etc. 

Consideration for estimating is usually given separately to each 
function because of the differences in the problems encountered. 

The basic costs of production 

Fabrication functions normally incur two kinds of costs, direct 
and indirect. Direct costs include those for material and labor. 
Direct material cost includes that for all materials which can be 
conveniently measured and associated directly with the article pro¬ 
duced. Direct labor cost includes that for all productive labor which 
can be conveniently measured and associated directly with the specific 
productive function. That includes preparatory work like setup. 

Indirect cost or overhead for estimating includes supervision, 
light, heat power, space charges, etc. It also takes in those charges 
which were referred to for the purposes of economic comparisons 
as fixed charges, such as depreciation, interest, taxes, and insurance. 
Incidental direct costs like power and maintenance are usually thrown 
into overhead. Some auxiliary functions, like production planning, 
may be included in the overhead of production instead of being 
treated separately. The commonest method of distributing over¬ 
head for estimating purposes is the direct labor dollar method. Other 
ways, like the direct labor hour rate and the machine hour rate, 
may be used sometimes. 

In most plants, the overhead or burden rate is determined by 
the cost-accounting department, which furnishes the figures to the 
estimator. It can be expected to be changed from time to time, as 
conditions in the plant change. The burden rate within a plant is 
often different from department to department. Obviously, an as¬ 
sembly department with little equipment should not have to carry 
as heavy a burden as a machining department, having heavy and 
costly machinery. Consequently, direct costs for making an article 
may be kept separate for the various departments in which work is 
done, so that the different overhead rates may be assigned to their 
proper direct costs. 
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The principal items of an estimate 

A summary of an estimate must include the items that allow for 
the functions to be performed and their necessary costs. Thus, a 
typical list of costs for a manufactured article is: (1) engineering, 
(2) tools, (3) runoff and testing, (4) material, (5) direct labor, (6) bur¬ 
den. 

All estimates do not need to take into account all of these items. 
Some may have another arrangement. The initial work on any esti¬ 
mate must be directed to finding a reasonable figure for each item 
that must be included. 

The foundry production estimate sheet of Fig. 85 has a long list 
of items on its summary sheet. There the direct labor cost is broken 
down by departments, on lines 1, 3, 5, and 7, because the overhead 
rate varies among the departments, as shown by lines 2, 4, 6, and 8. 
The items of lines 9 and 10 may be considered auxiliary services. 
^^Metar’ on line 14 is material. 

The tool estimate sheet of Fig. 86 is designed for tools as the end 
products. For that purpose, the summary on the lower right-hand 
section of the sheet includes engineering, material, labor, and burden. 

In the following sections, the ways of determining the costs of 
the basic items will be explained. 

ESTIMATING AUXILIARY SERVICES 
Estimating direct time 

A cardinal principle of modem manufacturing dictates that all 
possible mental work for the production effort be done beforehand 
and by specialists. To the extent that such contributions are original 
and creative, they are difficult to systematize and, therefore, not 
easily broken up into elements. For instance, it is not practicable 
to try to standardize the exact procedure an engineer follows in 
designing a machine. It is possible, however, to estimate fairly 
closely how long the engineer will take to complete the project from 
an over-all comparison with previous performance on a similar job. 
Thus, estimating the direct time required for an auxiliary service 
involves judgment in selecting comparable past performance and, 
from it, appraising the probable effort required for a proposed task. 



178 


miNCIFUES OF ESTTMAHKG 


Specific functions 

The service designated as designing and drafting includes prepara¬ 
tion of preliminary proposed sketches, specifications, bills of ma¬ 
terials, orders, models, and mock-ups. Preliminary engineering is 
often done for jobs for which sales orders are never received. This 
cost must be charged to the jobs for which orders are received. 

Production planning and scheduling includes also tool planning 
and designing, time and rate setting, estimating, and material sched¬ 
uling. For continuous output, the cost of these services is normally 
a part of overhead. Only for special orders of sizable amounts which 
require considerable special attention is planning considered as a 
separate and distinct cost item. 

The cost of jigs, fixtures, patterns, dies, and other tools may be 
considered only as an item in the total cost of a manufactured article, 
and thus may only appear in the list of costs to make that article. 
But when the cost of tools is to be estimated, they are looked upon 
as the products of the toolroom or tool shop. For that purpose, 
their cost is estimated in the same way as for any product by finding 
and totalling the indirect and direct charges that are incurred in 
making the tools. 

Considerable time must often be spent in experimental work 
with new products or tools. Even with some tools of proved types, 
development is necessary to secure proper results. All contingencies 
cannot be foreseen in the original design. Forming dies, for instance, 
must almost always be modified by the diemaker and the proper 
die form developed after assembly to secure the exact results desired. 
All forms of jigs, fixtures, dies, and machine tools must be run off to 
prove their adequacy, and it is often found that changes must be 
made to correct imperfections. Such trials and tests are difficult 
to standardize, and judgment on the part of the estimator is often 
the only means of ascertaining beforehand the necessity and amount 
of effort required. Some labor is usually always needed, but in 
addition, allowances may have to be made for equipment, materials, 
and special technicians. 

The cost of an auxiliary service is found by multiplying the esti¬ 
mated direct time for it by a rate to cover its entire cost. Some 
parts of an auxiliary service, like drafting, can be estimated for a job; 
but others, like supervision, are difficult to distribute. These latter 
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should not be added as a burden to the direct time, which is already 
an indirect expense. A burden should not be piled upon a burden 
but should be included in the total rate for the service. 

ExAMPiiE 10: For a job the designing and drafting time is estimated 
to be 42 hours. The rate in the engineering department is $2.25 per hour. 
This rate is greater than the direct labor cost of the engineer or draftsman 
who carries through the job. It includes allocations for supervision, space, 
etc. Thus, the engineering charge for the job is 

42 X $2.25 = $04.50. 

ESTIMATING MATERIAL COST 

Relative value of material 

The relative proportion of the material cost to the total cost 
varies with different types of jobs. Material may represent an 
almost negligible part of the total cost of light special equipment, 
where labor is preponderant. In quantity manufacture, material is 
a major item. Labor-saving methods tend to increase the ratio of 
material cost to the total. For normal manufacturing enterprises, 
material costs range^ from 30 to 50 per cent as compared with direct 
labor cost of 20 to 30 per cent. 

What material cost includes 

An estimate of material cost must include not only the material 
found in the finished article but also that consumed in scrap, waste, 
and spoilage. Excess material is lost in chips, spoiled pieces, drop¬ 
pings, short ends, etc. Very little or nothing is ever realized from 
salvaged scrap. J. K. Olsen^ found that scrap loss need not exceed 
5 per cent. The quantity of raw stock purchased often is determined 
by the original estimate. A too liberal forecast may cause overbuy¬ 
ing, with higher than necessary costs, and on the other hand an 
incomplete estimate may result in shortages. The manner in which 
material costs are estimated varies with the form of the raw material. 

Many materials are priced by weight. Convenient tables are 
available in handbooks and catalogues specifying the unit weights, 


^ L. P. Alford and J. R. Bangs, Production Handbodkf page 1047. New York: 
The Ronald Press Co., 1947. 

* Ibid, 
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in pounds per foot or pounds per inch of common shapes, sizes, and 
forms of metals and other materials. 

On a weight basis, the number of estimated pounds (or tons) are 
multiplied by the price per pound (or ton) for the total material cost. 
Judgment must be exercised as to validity of available price quota¬ 
tions in view of future market conditions, particularly if purchases 
are to be extended over a period of time. 

In the case of bar stock to be machinery an addition must be made 
to the length of the finished piece for the stock consumed by the cut¬ 
off and facing tools. If the latter is anticipated, to He por 
piece is usually adequate. The amount used for cutoff is equivalent 
to the width of the tool as determined by its strength and service 
requirements. Tough materials demand a wider tool than soft ones. 
The deeper the cut, the wider must be the tool. Table 2 describes 
practice which has been applied to the determination of the widths 
of cutoff tools for steel. 


TABLE 2 

Cutoff Tool Widths for Steel 


Depth of Cut 
in Inches 

Width of Cutoff Tool 
in Inches 

Up to % 



H 

H to ] 

Vi 

to 

H 

Above \yi 

Usually % 


Note: Overlap provided for requirements of 
different grades and heat treatment of 
steels. 


In addition, when bar stock is machined on turret lathes or auto¬ 
matic screw machines, some of it can be expected to be spoiled 
unavoidably during setup. 

Example 11: Estimate the cost of the material, hot-rolled steel at 
11 cents per pound, to make 10 of the studs of Fig. 74. 

The depth of cutoff is % in. below the chamfer, so from Table 2 a cutoff 
tool He wide will probably be needed. No allowance in this case is made 
for facing end. The total length per piece is: 

2^H6 + He = in. 




Allow 5 per cent for spoilage and bar ends. Total length of diameter 

bar stock is: 

2.875 X 10 X 1.05 = 30.188 in. 

= 2.516 ft 

For estimating, this figure can be rounded off to 2.6 ft. IJ/^-in. diameter bar 
stock weighs 6.008 lb. per foot. At 11 cents per pound the total material 
cost is: 

2.6 X 6.008 X 0.11 = $1.72 

Problem 22. Estimate the cost of the material at 11 cents per pound 
for 5 studs shown in Fig, 75. 



Fig. 75. A timing-gear stud.» 


Problem 23. Estimate the cost of the.i>materiai ^at lb t?ents per pound 
‘for 25-ptt8h*rodai3hown InTig. 76, 
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Fig. 76. A valve push rod blank. 

For stampings, sheets and strips are used and the size is determined 
from the dimensions of the blank and from stock sizes available. A 
narrow margin must be provided around the blank in most cases, 
although some parts may be cut off without allowance between pieces. 
An empirical relationship for the scrap allowance on each side of 
the blank is: 

S t + 0.015d (64) 

where 

S == the scrap allowance of each side of the strip in inches. {S is 
not usually more than % in.) 

t = thickness of stock in inches. 

d = diameter or width of blank in inches. 

For the scrap allowance between successive blanks in a strip, an 
accepted rule is that it should be in. for stock less than 1^2 
thick, an amount equal to the stock thickness for dimensions from 

to ^6 > and a maximum of Jfe in- for greater thicknesses. In 

addition, 5 per cent is usually added to the calculated requirements 
for waste and spoilage. 

Example 12: Find the unit material cost at 9 cents per pound for 3 in. 
diameter by ^ in. thick disks stamped from cold rolled strip steel. The 
stock is obtainable in strips 24:% in, wide, weighing 5 Ib/ft®, and will be slit 
into suitable widths. 

Since the space between each blank in the strip must be in., the center 
distance of two adjacent blanks must be in. 

The scrap allowance on each side of the strip, from Eq. 54 is: 
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S = 0.125 + 0.015 X 3 = 0.170 in. 

If a single series of blanks are to be stamped from a strip, as illustrated 
by Fig. 77A, the width of the strip must be: 

3 + 2 X 0.170 = 3.340 in. 

Seven strips of this width can be slit from the stock 24?^ in. wide, but 
that would waste a strip 1 ^ in. wide. If two rows of blanks are nested in 
each strip, as shown in Fig. 77B, four such strips can be slit from the stock 
24^ in. wide. This arrangement will provide eight rows of blanks with a 
minimum scrap loss. Each blank will consume an area of strip 
1.563 X 6.188 = 9.67 in.2:|)er piece. 

Add 5 per cent scrap and end loss: 

9.67 X 1.05 = per piece. 

The equivalent weight is: ; ^ 

X 5 == 0.353 lb per piece. 


A B 

SINGLE SERIES Of 0LANKS IN A TWO ROWS**Of RLANKS NESTED 

STRIP. IN A STRIP TO SAVE STOCK. 

Fig. 77. St^ock for round blank. 
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0.353 X 9 = 3.177 cents per piece 
= $3.18 per 100 pieces. 

The strap of Fig. 78 is to be pierced and cut from strip 
At a rate of 9 cents per pound, what is the material cost 



Fig. 78. A strap to be cut from strip. 


Problem 25. The piece of Fig. 79 is to be blanked from cold-rolled 
sheet steel. The stock comes in. wide which is to be split into suitable 
strips. It weighs 1.306 Ib/ft^. 

What is an economical width for the strips? What area is consumed for 
each blank? What is the cost per 1000 pieces? 


The cost is 


Problem 24. 

steel 1 in. wide, 
per 1000 pieces? 



For drawn shells, the blank developed from the finished form is 
sufficiently accurate as a start for estimating material costs, although 
actually the true blank has a slightly different form because of the 
working to which it is subjected when drawn. 

For cast materials, the weight of the object is estimated by com- 
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puting or approximating the volume in cubic inches and multiplying 
it by the specific weight, in pounds per unit of volume. To the 
finished dimensions should be added the amount of the machining 
stock. In founding, there are losses from melting, pouring, and 
cleaning. These may be taken at 10 per cent, to be added to the 
‘^as cast^^ weight. In addition, an allowance is made by some 
estimators for excess material consumption due to mold imperfec¬ 
tions. This is a rather indeterminate factor, depending upon cir¬ 
cumstances in the particular foundry, and for many cases can be 
considered taken care of in the 10 per cent loss factor. 

Problem 26. Estimate the weight of the casting of Fig. 5. Assume 
3 .^ in. of stock on the casting for finished surfaces. At 20 cents per pound, 
what is the material cost per 100 pieces? 

For tools like jigs, fixtures, and dies, standard details like uni¬ 
versal jig bodies, die sets, bushings, knobs, and commercial clamping 
devices may be considered as part of the material to be purchased. 
The cost of such standard details may be included in material cost. 
Prices of those items are available in catalogues or from manufac¬ 
turers^ quotations. 

Summary of procedure for estimatins material cost 

The foregoing examples have served to illustrate applications of 
the universally applicable procedure of material estimating: 

1. Determine the necessary additions to dimensions of finished 
article to account for processing loss from rough to finished states. 

2. Calculate unit or lot size or weight in rough condition. 

3. Ascertain proportionate extent of unavoidable loss fiot related 
to the processing of the individual pieces and increase the rough unit 
size by that proportion. 

4. Multiply the quantity of material by the base price. 

ESTIMATING LABOR COST 

There are several ways of estimating labor cost, depending upon 
the degree of accuracy desired. The basic method involves a detailed 
breakdown of each operation into its elements, a determination of the 
value of each element, and a summation of all the values. Other 
methods approximate this synthesis by short cuts. The basic method 
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is able to give the most accurate results and will be presented first 
to show all that goes into making up labor cost. 

Four phases of production 

The time needed for practically any production task can be 
divided into the following four parts: 

1. Setup time. 

2. Man time (handling). 

3. Machine time (cutting, forming, etc.). 

4. Maintenance and down time. 

Machine time differs from the others because it alone can be 
calculated. 

The elements of an operation 

An element of an operation has about the same significance in 
estimating as it does in time study work, except there is a decided 
tendency in estimating to combine elements into larger groups to 
make them easier to handle. The estimator might be termed the 
inverse of a time study man, because he assigns the elemental values 
to a job to ascertain what can be expected in the way of performance, 
whereas the time study analyst measures these elements from actual 
performance and determines the usable standard values for them. 
Typical elements are illustrated by the following for a simple drilling 
operation. 

1. Get part. 

2. Load drill jig. 

3. Clamp part in jig. 

4. Position jig. 

5. Lower drill to work. 

6. Drill hole. 

7. Raise drill. 

8. Reposition jig. 

9. Unclamp. 

10. Unload drill jig. 

11. Dispose of part. 

Operation elements may be large or small, as convenience and 
application dictate. What is considered an element in one study 



PRINCIPLES OF ESTIMATING 


187 


may in another be part of a larger element. For instance, in the 
foregoing breakdown “get part/' “load drill jig/' and “clamp part 
in jig" were considered separate elements, whereas in another analysis 
they might very well be grouped together as one element called “load 
part." Although its content may vary within limits, an element 
still must conform to logical conditions. It must be a distinguish¬ 
able entity, be large enough to be readily discernible, and represent 
a logical unit in manufacturing. 



Fig. 80. Loading and unloading time for various kinds of drill jigs. 

Characteristic of most machines used in manufacturing is that 
they do the work for which they are intended by the repetition in 
various combinations, of a limited number of elements. The value 
of any one element may not be the same under different conditions, 
but it is essentially constant for a definite set of conditions wherever 
it appears. As an example. Fig. 80 shows the time value for loading 
a part into a jig under specified conditions relating to the bulk of the 
part and the type of jig. Charts like this* and comparable tables 
are warranted and useful because of the definite relation between 
the time value of an element and its variable conditions. 
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An estimator should have an appreciation and understanding of 
the means of determining elemental values; in other words, an 
acquaintanceship with the subject of time study. Of equal im¬ 
portance, he must have an intimate knowledge of the details of the 
processes he is estimating. He must be able to visualize all the 
steps taken to fabricate an object, conceive of the details of the tools 
and machines best suited to the operations, and anticipate every 
move of the operator. With such a background, the estimator is in 
a position to apply the principles of estimating surely and efficiently. 

Setup time 

For estimating purposes a production job is divided into opera¬ 
tions, and each operation subdivided, so that it may receive appropri¬ 
ate treatment in its various aspects. Setup time is expended by the 
operator to assemble tools and material, place the tools on the ma¬ 
chine, make necessary adjustments and trial runs, and in tearing 
down. In other words, it includes all the time required to make 
preparation for the production of good parts in the standard time. 
Presumably it is charged only once to a lot of parts irrespective of 
quantity; that is, the machine is set up at the beginning of each run 
and torn down at the end. If only one part is made, its cost must 
include the entire setup. If an order of parts is being contemplated 
and it is likely to be manufactured in several lots, then setup should 
be charged against the order for as many runs as are expected. From 
these considerations, it is apparent that setup time for an operation 
should be treated as a separate entity. A prorated setup time based 
upon one lot size is not applicable to another lot of different size. 

Man time 

Man time represents that part of each cycle of an operation 
during which the machine is not acting on the part. It is often 
called handling time because it virtually represents that period during 
which the operator is loading, clamping, cleaning, or dispositig of the 
part. It may also include time for taking measurements and even 
for rest. However, if the operator performs some duty, such as 
burring, while the machine is active, that is not an element of man 
time. The value of man time is that accumulated during one cycle 
of the operation. For example, in the hypothetical drilling opera- 
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tion, all the elements except #6 (drill hole) added together comprise 
the man time. 

Generally each type of machine has a group of elements peculiar 
to its operation. Thus, in a plant such as a machine shop, tool 
shop, or foundry considerable data must be compiled and arranged 
to cover all the machines and equipment employed. All plants of 
any size have very complete files of performance data which are 
carefully restricted and accessible only to persons who must use the 
information. For machine shop processes excellent and complete 
tabulations of elements for setup and operation of machine tools 
have been compiled by W. A. Nordhoff.^ Table 3 showing the 
elements for the engine lathe is taken from that reference. 

TABLE 3 

Engine Lathe Elements 


Setup Time Minutes 

1. Make up time slip and check in on new job. 1.000 

2. Study drawing. 1.000 

a. Add time to compute omitted dimension. 1.500 

b. Add time for computing a taper. 3.000 

c. Add time for computing an angle. 6.000 


Note: Blueprints often omit dimensions that can be calculated from 
other given dimensions. Tapers are seldom given in degrees or in 
taper per foot. As lathes are usually calibrated in such a manner, 
the operator must reduce the blueprint dimension to such terms 
before setting his machine for a taper operation. Sometimes it is 
necessary for the operator to compute an angle. Time must be 
allowed for these calculations. 

3. Trip to tool crib to get necessary tools, gages, etc., and to return tools 


used on previous jobs. 5.000 

Note: Omit this allowance if it is the function of a tool chaser or a 
production-control clerk to see that the necessary tools, prints, and 
parts are delivered to the machine. 

4. Constant allowance for each tool handled. 0.400 

5. Constant allowance for each measuring instrument—calii)ers, microm¬ 
eters, depth ^^mikes,'’ etc.,—^necessary for the oi)erator to get from 

his tool box and set for use on the job. 0.750 

6. Install three- or four-jaw chuck on lathe spindle 

a. By hand. 2.000 

b. By jib crane or hoist. 5.000 

c. By crane. 7.000 


* W. A. Nordhoff, Machine Shop Estimatingy . First edition, pp. 197-209. 
New York: McGraw-Hill Book Co., Inc., 1947. Bieprinted with the permission 
of the publisher. 
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• TABLE 3 (Continued) 

Setup Time Minutes 

7. Install faceplate to lathe spindle 

a By hand. 2.000 

b. By jib crane or hoist. 5.000 

c. By power crane (includes crane wait). 7.000 

8. Make proper collet selection and install in spindle. 0.750 

9. Install plain center in spindle. 0.500 

a. Install center where draw"bar is used. 1.500 

10. Install plain, half, or revolving center in tailstock. 0.500 

11. Install self-aligning lathe fixture with taper shank and hold-in spindle 

wnth a draw-bar. 1.500 

12. Install self-aligning fixture to faceplate by means of dow-el-piii loca¬ 
tions. Secure' fixture by means of T bolts and 4 strap clamps. 2.500 

13. Install and align fixture on faceplate. Necessary to indicate to align 

with center of rotation of spindle. 10.000 

14. Install and align fixture in 3- or 4-jaw" chuck. Necessary to indicate 

and align w-ith center of spindle rotation. 10.000 

15. Install tool post on cross slide or on compound. 0.400 

16. Install toolholder in tool post. 0.300 

17. Install turn-tool bit in toolholder and adjust for proper cutting angle 0.500 

18. Install single-end thread tool in toolholder and adjust for prop(T 

cutting angle. 1.500 

19. Install boring bar and tool in compound tool post and adjust for 

proper cutting angle. 1.000 

20. Set up taper attachment (includes time for complete adjustment of 
attachment and tool, trial cuts, and the necessary micrometer w ork) 10.000 

21. Set up and adjust compound and tool to cut taper. 1.500 

22. Set up tailstock off center for cutting tap(;r, adjust tool, trial cuts, 

and necessary v-ork to meet dimensions. 15.000 

23. Install drill chuck, reamers, etc., in taj)er sleeve adapters for operation 

from tailstock. 0.500 

24. Install steady rest and adjust. 1.500 

25. Install centers in head and tailstock, position and adjust tailstock for 

work that is to be turned and held between centers. 1.200 

26. Deliver first piece to inspector (do not wait for inspection, and omit 

where there is floor inspection). 0.700 

Teardown Elements 

1. Sign out on completed job. 1.000 

2. Separate taper-shank tools from adapter sleeves (each). 0.250 

3. Remove cutting tools from holders and store in proper place (each).. 0.250 

4. Remove toolholders and store in proper place (each).*.. 0.250 

6. Remove tool posts and store in proper place (each). 0.350 

6. Clean measuring instruments and return to tool chest. 0.250 

7. Remove chuck or faceplate from spindle 

a. By hand.. 1.000 

b. By jib crane or hoist. 4.000 

c. By overhead crane (wait for crane included). 6.000 

8. Remove collet chuck from spindle. 0.300 
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TABLE 3 (Continued) 


Setup Time Minutes 

9. Remove live center from spindle 

a. Without drawbar. 0.300 

b. With drawbar. 1.000 

10. Remove center from tailstock. 0,300 

11. Remove taper-shank fixture (with drawbar) from spindle, and aside to 

floor. 1.200 

12. Remove fixture from faceplate (release and aside with 4 clamps) and 

aside to floor. 1.500 

13. Release fixture from chuck jaws, and aside to floor. 1.000 

14. Blow fixture clean for storage. 0.400 

15. Disengage taper attachment.. 1.500 

16. Return compound from taper to normal position. 0.400 

17. Return tailstock from taper to center positio^i (includes time to indi¬ 
cate to be sure centers are in line). ... 5.000 


0iteration Elements 

A. Material installation 

Note: The time shown also includes the time to release the part from its 
respective holding device and. its disjmition to floor or tote pan. The 
description of the element will show only its installation. 

1. Bar- and tube-stock installation (where fed through the spindle) 
a. Release universal chuck, move material out by hand, scale for 


profK?r amount of stock, and secure material in chuck for work.... 0.450 

2. Bar- and tube-stock installation (where stock is cut to the approx¬ 
imate length) 

a. Pick up piece, install in universal chuck. 0.300 

b. Pick up piece, install in universal chuck, align by hand, and secure 

for work. 0.600 

c. Pick up piece, install in universal chuck, align by use of a microm¬ 
eter dial indicator, and secure for work. 1.200 

d. Pick up piece, install in collet chuck, and secure for work. 0.300 

3. Bar and tube stock (where necessary to support with a steady rest): 

a. Pick up piece, position in universal chuck and steady rest, secure 

for work. 0.400 

b. Pick up piece, position in universal chuck and steady rest, align 

by use of a dial micrometer indicator, and secure for work. 0.900 

4. Bar and tube stock (where supported between centers) 

a. Pick up piece, install lathe dog on part, position between centers, 
secure for work 

(1) Small parts. 0.300 

(2) Medium parts. 0.750 

(3) Large parts. 1.000 

5. Semifinished bar, tube, and casting parts 

a. Pick up part, insert in split bushing, insert in universal chuck, and 

secure for work. 0.350 

b. Pick up part, insert in split bushing, insert, in collet chuck, and 

secure for work. 0.150 

c. Pick up part, install on mandrel, and secure for work. 0.800 
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TABLE 3 (Continued) 

Setup Time Minutes 

6. Installation of castings, forgings, etc., in lathe fixture 
a Pick up part, install in lathe fixture 

(1) Small or regular parts. 0.700 

(2) Small irregular or medium regular parts. 1.100 

(3) Ijarge or medium irregular parts. 2.000 

(4) Large irregular parts. 2.500 

Note: Where necessary to align part with a dial indicator because 

of a concentricity note, allow indicating time and add to the above 1.000 

7. Installation of a casting in an independent chuck (no fixture) 

a. Pick up part, position between jaws of an independent chuck, 
align, and secure for work 

(1) Small and regular parts. 1.000 

(2) Small irregular and medium regular i)arts.. 1.400 

(3) Large or medium irregular parts. 2.300 

(4) I-iarge irregular parts. 2.800 

Note: Where necessity to align part with a dial indicator, because 

of a concentricity note, allow indicating time and add to the above 1.000 
B. Turning operations 
1. Straight turning from cross slide 

a. Move cross slide into position, set tool to proper depth of cut, 

advance tool to work, engage feed. 0.200 

b. Rough-turn. 

c. Back cross slide and tool from work, st't tool to proper depth by 
micrometer dial on hand-feed wheel, advance tool to work, engage 

feed. 0.300 

d. Trial cut. 

Note: The length of this cut should be long enough t.o accommodate 
a check on the diameter with either a pair of calipers or “mikes.” 
Maximum trial cut should be M in. in length. 

e. Second-rough- or semifinish-turn. 

f. “Mike” diameter. 0.200 

g. Back cross-slide tool from work, set tool proper depth by microm¬ 
eter dial on hand-feed wheel, advance tool to work, engage feed 0.300 

h. Trial cut. 

Note: See d. above. 

i. Back up tool “mike,” make final adjustments for cut, advance tool, 

engage feed. 0.400 

j. Finish-turn. 

k. “Mike” for final check of turn operation. 0.200 

Note: The number of cuts will depend on the amount of stock to 

be removed. Where the part is well supported and rigidly held 
(that is, chucked close, held between centers, supported by a steady 
rest, etc.) roughing cuts of to in. should be taken. Where 
stock cannot be well supported, roughing cuts of H ii^* will prevail. 

Rough-turning operations are primarily for the removal of excess 
stock. The cutting speed should be the maximum for that material 
for depths of cuts of ^ in. or less. Feeds of 0.015 to 0.032 should 
be employed. Where the depth of the rough cut is to H is 
customary to slow the speed down and reduce the feed to 0.015. 
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TABLE 3 (Continued) 

Setup Time Minutes 

Stock left for finish cuts should be between 0.005 and 0.030. 
Maximum cutting speeds and feeds from 0.005 to 0.015 are utilissed. 

Feeds used in finish cuts are limited only by the skill of the operator 
to put the required finish on the part at the greatest possible feed. 

If the turned diameter is to be ground, grinding stock of ap¬ 
proximately 0.010 should be left. The lathe finish is not so impor¬ 
tant. In fact, tool marks on the diameter to be ground are an 
asset to the grinding operation. 

2. Forming 

a. Change tool in cross slide tool post, set to proper angle for cut. 0.400 

b. Move cross slide into proper pasition, advance tool to work. 0.200 

c. Form-turn. 

d. Back from work, position tool into clear. 0.100 

3. Clean out corners 

a. Advance tool to proper depth, oican out corner by hand feed, and 

back tool into clear. . 1.000 

Note: The operation is usually necessary where two finish surfaces 
form an inside corner at 90®. 

4. Form fillets 

a. Change tool (with proper radius) in tool post, and set in proper 

position for work. 0.400 

b. Advance tool to work. 0.100 

c. Cut one fillet. 0.200 

Note: Most fillets can be cut with a few turns, and the feed is by 

hand. 

d. Back tool aw'ay, position to next fillet to be cut. 0.150 

e. Cut fillet. 0.200 

f. Repeat 4 and 6 for the balance of fillets to be cut. 

g. Back tool into clear. 0.100 

5. Form radius 

a. Change tool in tool post, and set in proper position for work. 0.400 

b. Advance tool to work. 0.100 

c. Cut radius. 0.2(K) 

Note: Repeat 4 and 5 for the balance of radii to be cut. 

d. Back up tool, position to next radius to be cut. 0.150 

e. Cut radius. 0.200 

Note: Repeat 4 and 5 for the balance of radii to be cut. 

f. Back tool into clear. 0.100 

6. Chamber 

a. Release tool post, swing into proper angle for cut, secure tool post, 

advance tool to work. 0.250 

or 

Advance tool to work. 0.100 

b. Chamfer, 

c. Back tool into clear. 0.100 

7. Turn relief , 

a. Advance tool to work, sc^le for proper position of cut, or set by 

micrometer dial. 0.150 

b. Hand-^eed cut to proper depth of relief, engage feed. 
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Setup Time Minutes 

c. Trial cut (maximum length of trial cut should be in.). 

d- ‘‘Mike” cut, set tool proper depth by hand-feed micrometer dial, 

and engage feed. 0.300 

e. Turn relief. 

Note: Usually one cut is sufficient to turn a relief. If more than 
one cut is required, repeat elements a, b, c, d, and e. 

f. Time to check length of cut with rule. 0.200 

g. Back tool into clear. 0.100 

8. Cut groove 

a. Change tool in tool post, and set tool for proper position for cutting 0.400 

b. Advance cross slide tool and scale for proper position of thci cul.. . 0.200 

c. Turn groove. 

Note: This is usually a hand-feed operation, with proper depth 
noted on feed-wheel micrometer dial, and the tool is the exact width 
of the groove. If there is more than one groove of the same width, 
repeat the following: 

d. Back tool from work, move to proper position to turn next groove, 


scale for proper dimension. 0.150 

e. Turn groove. 

f. Back tool into clear. 0.100 

9. Turn thread relief 

a. Change tool in tool post and adjust for work. 0.400 

b. Advance tool to work. 0.100 

c. Cut thread relief (hand-feed operation) 

d. Back tool from work and into clear. 0.100 

10. Short tapers 

a. Releast^ compound rest, swing to proper angle, and secure. 0.500 

b. Advance tool to work. 0.100 

c. Turn taper. 

Note: One cut; hand feed. 

d. Back tool from work. 0.100 

e. Release compound rest, swing back into normal position, secure. . 0.400 


Note: It is not always n(5C(3S8ary to change the position of the com¬ 
pound rest to cut these short tapK?rs. Straight turning and facing 
can be done with the compound rest set at an angle. If the com¬ 
pound rest is set up at the desired angle and the nature of the work 
permits its remaining in that position, use the following to cut short 
tapers: 


a. Advance tool to work. 0.100 

b. Cut taper. 

c. Back tool from work. 0.100 

11. Long tapers 

a. Pick up piece, and install in suitable manner in lathe for work. . . See A 
Note: Because of the setup involved, long tapers should be performed 

as a separate, independent operation. 

b. Bring cross slide into position, advance tool to work, set tool proper 

depth, engage feed. 0.200 

c. Cut taper (first cut). 

d. Back tool from work, position tool, set proper depth, engage feed 0.200 
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TABLE 3 (Continued) 

Setup Time Minutes 

0 . Cut taper (second cut). 

f. Repeat d and e for the balance of the cuts. 

Note: Maximum length of cut reached on finish-turn taper. The 
number and lengths of cuts will vary with the depth, the length, 
and the angle of the taper. 

g. Release piece from machine, and aside to floor. 

h. Allow time to check work. 1.000 

12. Cut threads—internal and external—single-pointed thread tool. 

a. Release compound rest, swing into proper jiosition, and secure. . . 0.400 

b. Change tool in toolholder, set in proper position, and secure. 0.400 

c. Position tool, set tool proper micrometer depth, start machine, 

engage feed at the proper lead. 0.200 

d. Cut thread (first cut) 

e. Position tool, set tool proper micrometer depth, engage feed. 0.150 

f. Cut thread (second cut). 

g. Position tool, set tpol proixir micrometer depth, engage feed. 0.150 

h. Cut thread (third cut). 

i. Position tool, set tool proper micrometer depth, engage feed. 0.150 

j. Cut thread (ifourth cut). 

k. Position tool, set tool proper micrometer depth, engage f(^ed. 0.150 

l. Cut thread (fifth cut). 

m. Position cross slide into clear. 0.100 

n. Blow threaded area clean with blowgun. 0.080 

o. Check with gage. 0.300 

p. Position tool, set tool proper micrometer depth, engage feed. 0.150 

q. Cut thread (sixth cut). 

r. Position cross slide into clear. 0.100 

s. Blow thr(jaded area clean with blowgun. 0.080 

t. Check with “go” gage. 0.400 

u. Check with “no go” gage. 0.200 

V. Clean up threads (remove burrs) with emery cloth. 0.400 

Note: For cutting threads on aluminum, brass, bronze, or mag¬ 
nesium alloys, eliminate elements, g, h, i, j, k, and 1. 

C. Boring operations ; 

1. Straight boring with boring bar installed between centers and fixtures 
mounted on cross slide 

a. Pick up piece, and install in fixture on cross slide carriage. See A 

b. Pick up rough-boring bar, position through part to be bored, attach 

drive dog to bar, position bar between centers, and secure. 1.000 

c. Move cross slide and work into position to bore. 0.100 

d. Rough-bore. 

e. Move work into clear. 0.100 

f. Release rough-boring bar from between centers, remove driver, 

and aside with bar. 0.500 

g. Pick up second-rough-boring bar, position in bore, attach driver 

dog to bar, position bar between centers, and secure for work_ 1.000 

h. Move cross slide and work into position to We. 0.100 

i. Seoond-rough-bore. 

j. Move work into clear.... 0.100 
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TABLE 3 (Continued) 


Setup Time Minutes 

k. Release boring bar from between centers, remove driver, and aside 

with bar. 0.500 

l. Pick up finish-boring bar, insert in bore, install driver dog, position 

between centers, and s(H!ure for work. 1.000 

m. Move work into position for work. 0.100 

n. Finish-bore. 

o. Move work into clear. 0.100 

p. Release finish-boring bar from between centers, remove driver, 

and aside with bar. 0.500 

q. R(ilease part from fixtun^. 

r. Allow checking time. 0.500 

2. Straight boring (from cross-slide tool) 

a. Change compound rest setup from turning to boring, i. 1.100 

Note: Where boring bar with single- or double-(md tool is used, the 

bores are longer than 1 in., have close tolerances, are larger than 
efficient drill and reamer sizes, etc. 

b. Change tool in tool post, and alter angle of tool. 0.500 

Note: For short bores and counterbores 

c. Move cross slide into position, set tool proper depth for cut, 

advance tool to work, engage feed. 0.200 

d. Rough-bore. 

e. Back tool from work, set tool micrometer depth for next cut, 

advance tool to work, engage feed. 0.300 


f. Trial cut. 

Noi'e: Length of this cut should bt? long enough to accommodate a 
pair of calipers or inside ‘^mikes.” Maximum length of trial cut 
te be ^ in. 

g. Second-rough bore. 


h. Back tool from work, “mike’^ bore. 0.300 

i. Set tool proper micrometer depth, advance tool to work, engage 

feed. 0.300 

j. Trial cut. 

k. Back tool from work, “mike” bore, make final tool adjustments 

for cut, advance tool to work, engage feed. 0.300 


1. Finish-bore. 

Note: I'he number of boring cuts will depend on the amount of stock 
to be removed. Where part is well supported, roughing cuts of 
to 34 in. should be taken. Where stock cannot be well sup¬ 
ported and has a tendency to “spring” or where the boring tool 
extends a considerable distance from its main support, depths of 
less than in. will be necessary. 

If the bore is to have a grind finish or is to be honed, grinding 
stock of approximately 0.010 in. should be left and the lathe finish 
is not so important. 

3. Counterbores (undercut or internal relief) 

a. Position tool inside of bore to the proper position, hand-feed tool 

to proper depth (both positions determined by machine micrometer 
dials), engage feed. 0.300 

b. Add time to the above to hand-feed into pteper depth of cut. 
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TABLE 3 (Continued) 

Setup Time Minutes 

c. Counterbore. 

d. Repeat a, b, and c, if more tlian one is necessary to complete the 
counter bore. 

Note: Internal counterborea are usually for clearance only and can 
be completed on one (;ut. 

e. Back tool from work, and position into clear. 0.100 

4. Counterbores (external) 

a. See straight boring (Cl and C2 above). The eknnents of this 
opc^ration will follow the same pattern and the time values wdll 


be the same. 

5. Cut internal-thread relief 

a. Change tool in boring bar, adjust for work. 0.400 

b. Position tool to work and set bv micrometer dial. 0.200 

c. Cut relief.. ... 0.200 

Note: This ofKjration usually requires only a few turns to complete, 

and the feed is by hand. 

d. Back tool from work and position into clear. 0.100 

6. Taper bore (short taper). 

a. Release compound rest, swing into proper position, and secure. . 0.500 

b. Change tool in toolholder. 0.300 

c. Advance tool to proper position for work. 0.200 

d. Cut taper (one cut). 

e. Back tool from work. 0.100 

f. Release compound rest, swing back into normal position, secure.. 0.400 

7. Taper bore (long taper) 

a. Pick up puice, and install in lathe in a suitable manner for work. . . . See A 


Note: Because of the time involved in setting up tlu^ taper attach¬ 
ment or the tailstock to cut a taper, long tapers should be bored 
as a separate, independent operation, 
b. Bring cross slide into position, advance tool to work, set tool proper 


depth, engage feed. 0.300 

c. Cut taper (first cut). 

d. Position tool, set proper depth, engage feed. 0.300 

e. Cut taper (second cut). 

f. Repeat d and e for balance of cuts. 


Note: Maximum length of cut will be reached on ^^finish-bore taper.^^ 
The number of cuts will vary with the depth, the length, and the 


angle of the taper. 

g. Position tool into clear. 0.100 

h. Allow time to check work. 1.000 

8. Internal forming 

a. Change tools in tool post, and check. 0.400 

b. Advance tool to work. 0.100 

c. Form. 

d. Back tool from work and into clear. 0.100 

e. Time to check work. . 0.500 

9. Chamfer 

a. Position tool into proper position for work. 0.100 

b. Chamfer. 
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TABLE 3 (Continued) 


Setup Time Minutes 

c. Back tool into clear. 0.100 

10. Cut threads (internal). 


a. Cut threads—internal and external. 

D. Facing operations (from cross slide) 

1. Straight facing (clean-up only) 

a. Position cross slide, siit tool proper depth for cut, advance tool to 


work, engage feed. 0.150 

b. Face (one cut). 

c. Position tool into clear. 0.100 

2. Face (fractional dimension) 

a. Position cross slide, set tool proper depth for cut, advance tool to 

work, engage the feed. 0.150 

b. Rough-face. 

c. Back tool from work, scale or caliper. 0.200 

d. Set tool proper depth, advance tool to work, engage feed. 0.150 

e. Finish-face. 

f. Check dimension. 0.100 

g. Position tool and cross slide into clear. 0.100 

3. Face (decimal dimension) 

a. Position cross slide, set tool proper depth for cut, advance tool to 

work, engage feed. 0.150 

b. Rough-face. 

c. Back tool from work, scale or caliper. 0.200 

d. Set tool proper micrometer depth, advance tool to work, engage 

feed. 0.150 

e. Second-rough-face. 

f. Back tool from work, ^^mike”. 0.300 

g. Set tool proper micrometer depth, advance tool to work, engage 

feed. 0.150 

h. Trial-cut, “mike,” reset tool proper depth, advance to work, engage 

feed. 0.400 


i. Add time to make trial cut. Maximum length cut should be 3^ in. 

j. Finish-face, 

Note: The number of cuts will depend on the amount of stock to be 
removed. Minimum depth of cuts should be in. until finish cut 


is reached. 

4. Cut serrations (form tool)—cut groove (form tool) 

a. Change tools in tool post and check. 0.400 

b. Advance tool to proper position to work. 0.100 

c. Cut serrations (or groove). 

d. Back from work, and position cross slide into clear. 0.100 

e. Time to check work.. 0.500 

E. Tailstock operations 

1. Center-drill, drill, ream, etc. 

a. Position tool into clear, release tailstock from ways, position 

tailstock into clear. 0.150 

b. Change tools in drill chuck installed in tailstock, and secure. 0.200 


c. Change tools having (or installed in) taper shanks in tailstock.... 0.150 

d. Position tailstock to work, lock to ways, advance tool to work.... 0.200 
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TABLE 3 (Continued) 

Setup Time Minutes 

c. Start reamer by hand. 0.300 

f. Start tap or button die by hand. 0.500 


g. Machine dimension. 

1) Center-drill. 

2) Drill. 

3) Ream. 

a) Brush oil on reamer. 0.100 

4) Countcrdrill (counterbore). 

5) Countersink, 

6) Tap or thread with button die. 
a) Brush oil on tap or die. 


h. Allow time to check drilled hole. 0.200 

i. Allow lime to check tapped hole. 0.300 

F. Miscellaneous operations 

1. Break edges with file (per machined edge). 0.050 

2. Chamfer 45® by ^2 in. (done with file). 0.100 

3. Cutoff operation (bar stock or tubing) 

a. Change tools in tool post, and check. 0.400 

b. Scale for cut, position tool to work. 0.150 


Allowances 

Man time allowances. In addition to actual working time, provi- 
sion must be made for other unavoidable activities constituting a 
real part of an operation, but not reflected in its elements. These 
include time out for personal needs, fatigue, cutter sharpening, 
checking, and miscellaneous chores. Allowances added to the sum 
of the observed elements of each operation are the common means 
of providing for the excess legitimate time. The amounts of the 
allowances vary from plant to plant depending upon specific condi¬ 
tions in each establishment. However, there are logical principles 
applicable universally to the determination of allowances.^ 

Human beings anyAvhere have been found to require a minimum 
of 5 per cent of their working time for personal needs if they are to 
work efficiently. In addition, cognizance must be taken of physical 
and mental fatigue and additional allowances provided to overcome 
the resulting impairment of the workman's faculties. Whether ap¬ 
proval is given or not, a man^s physical nature compels him to slow 
down when the limit of endurance is approached. There is a direct 
relationship between the amount of time that must be allowed for 
recuperation and the intensity of effort required. On some machines 


^ Nordhoff, op, cit., pp. 65-75. 












200 


PRINCIPLES OF ESTIMATING 


there are periods during long cuts when rest can be taken without 
interference with work progress. Light tasks demand a smaller 
allowance for fatigue than do heavier ones. 

In general^ 5 per cent is sufficient for fatigue allowance where 
automatic machinery is being operated or on jobs where cuts are 
quite long, 15 minutes or more. A 10 per cent allowance may be 
needed for automatic machinery working to close tolerances and on 
other power-driven machines where the cutting time exceeds the 
handling time by only a small margin: 15 to 20 per cent is applicable 
to operations where the cutting time is small and 25 per cent or more 
for heavy continuous work or close and exacting applications. 

Allowances for tool sharpening are related to tool life. If 

Ti = the amount of time needed to change a tool, in minutes, 
t = the time to be added to a cycle of an operation for its pro¬ 
rated share of the tool change time, in minutes, 

T 2 == time during which the tool is cutting in one cycle of the 
operation, in minutes, 

T = length of life of tool, in minutes, 

. TiX T 2 

then t =-y— (55) 

Two considerations determine checking allowance; the time re¬ 
quired for each measurement and the frequency of checks. The 
time required to make a check with a gage or take a measurement 
with an instrument is related to the surface geometry and the kind 
of instrument used. Generally, outside surfaces, particularly diam¬ 
eters, are the easiest to check. Average observations consume from 
0.10 to 0.20 minutes. Inside surfaces require more time, 0.20 to 
0.30 minutes. The frequency of observations depends upon both 
the nature of the operation and the tolerance of the dimension. If 
the part can be checked out of the machine and the operator has time 
to do so while a cut is being taken, no allowance may be necessary. 
Automatic machineiy will obviously be more dependable than engine 
lathes, which must be readjusted for each cut, and frequency of 
checking will differ accordingly between the two. Very close dimen¬ 
sions, under 0.0005 in., will probably have to be checked for each 
piece; whereas fractional dimensions may need to be checked only 
once in several hundred pieces. Many experience tables of checking 
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time and frequency have been compiled and a few have been pub¬ 
lished. If 

n = number of parts between checks plus one, 

/ = 1/n = frequency of checking, 

Tc = checking time for a specific dimension, 
tc = the time to be added to a cycle of an operation for its pro¬ 
rated share of time to check the dimension, 

then <. = — = Tcf (56) 

n 

The total checking allowance for an operation then is the sum 
of the values of tc for all dimensions. 

Machine time 

All machine tool calculations for machine time must lead to the 
fundamental relationship that: 

Tn. = J (57) 

where 

Tm = time for cut in minutes, 

L = length of cut in inches, 

F = feed of tool in inches per minute. 

The sum of all the values of Tm for a cycle is the machine time 
of an operation. 

The length of cat (L) is the distance that the tool (or workpiece) 
is fed in order to cut away material, plus two increments, overtravel 
and approach. It is not always practical to bring a tool precisely 
to the edge of the surface that it is to cut, nor always to stop it ex¬ 
actly at the other end, particularly if it is being operated in a preset 
cycle. The small additions to the tool travel occasioned by these 
situations constitute the overtravel. The length thereby added to 
the cut usually varies from to 34 

Approach is excess travel attributable to the forms of certain 
tools, most commonly drills and milling cutters. In the case of a 
drill, it is the length of the point, which for the common 118"^ point 
angle is very close to the diameter of the drill, multiplied by 0.289. 

For milling cutters, approach is different for roughing cuts from 
what it is for finishing. It is also different for face milling from the 
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way it is applied to slab milling. For rough face milling the cutter 
needs only to contact the entire surface. Therefore, as shown in 
Fig. 81A, the face mill feeds from its starting position in contact 
with the work a distance A (the approach) until it is cutting the full 
width w of the surface and then continues cutting for a distance 
equal to the length of the surface. In Fig. 81A, 



Fig. 81. (A) Approach of face mill for roughing cut. (B) Total aj)- 

proach of slab or slot milling cutter. 

d = diameter of face mill, in inches, 
w = width of work piece face, in inches, 

A = approacn, in inches, 


from the triangle having the sides d/2 — A, w/2, and d/2; 




from which 

- Ad + ^ = 0 

4 

and 



d IcP - 

“2V 4 

As w approaches d, A becomes more nearly d/2, which is often a close 
approximation. 

For finish face milling, good workmanship prescribes that the 
cutter pass entirely over the surface so that its trailing edge can get 
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in its full wiping action. From Fig. 81B, showing this condition, 
it should be obvious that for finishing, A is equal to d. 

The approach of the cutter in slab milling is illustrated in Fig, 82. 
From the triangle inscribed in the cutter outline, 



where c = depth of cut. 

Most handbooks have tables of approach for milling based on the 
foregoing equations. ^ 

Speed and feed. The basis for determining feed differs for all 
types of machine tools. With all, however, the starting point is the 



Fig. 82. Approach of slab or .«jlot milling cutter. 


speed of the cutter, the linear rate in feet per minute at which the 
cutter travels through the work material. Cutting speed is affected 
by a number of variables and its ultimate determination is an eco¬ 
nomic as well as a physical problem. For that reason many tables 
advocating widely different cutting speeds will be found in handbooks 
and texts, as explained in Chap. 3. It should be understood that 
no general recommendations can be made for speeds and feeds to 
meet competitive conditions. Actually, an estimator adopts cutting 
speeds conforming to the practice in his plant. 

For a revolving workpiece or cutter the cutting speed is taken 
at the periphery. To find the equivalent turning rate in revolu¬ 
tions per minute: 

C.S. ^ 12 C.S. 

Td/12 rd 


N 



204 


PRINCIPLES OF ESTIMATING 


Or, in simplified form sufficiently accurate for most calculations: 

N = (60) 

where 

N = rotating speed, in revolutions per minute, 

C.S. = peripheral cut speed, in feet per minute, 
d = diameter of revolving cutter or workpiece, in inches. 

The feed rate (F) in inches per minute is the product of the feed 
(f) in inches per revolution multiplied by the number of revolutions 
per minute. 

F = iV/ (61) 

To arrive at the cutting time Tm by detailed calculations, using 
Eqs. 57, 60, and 61, is too tedious for practical purposes. Many 
charts and special slide rules have been devised as short cuts. Fig¬ 
ure 83 shows one of them. For the specified diameter, the desired 
cutting speed is selected in the left-hand section of the chart. In 
the same line, to the right, under the appropriate feed in inches per 
revolution, the resulting reciprocal of the feed (F), in minutes per 
inch, is given. This last figure need only be multiplied by the length 
of travel L for the cutting time (Tm), 

Feed, like speed, is dependent upon a number of variable condi¬ 
tions and is different for each set. For estimating purposes, average 
values for feeds for turning, facing, and allied operations are avail¬ 
able in handbooks or may be tabulated from current practice in any 
particular plant. In choosing a specific feed from the range offered, 
the estimator must use judgment. Such factors as the rigidity and 
power of the machine and strength or frailty of the workpiece help 
determine whether a high feed or low feed is applicable. A light 
machine or frail workpiece cannot be expected to withstand heavy 
feed. If an estimate is to be made of a job performed on a specific 
make and model of machine tool, the exact speeds and feeds chosen 
will, of course, be those provided by the machine nearest to-the 
indicated optimum. A tool with a small nose must be given a finer 
feed for finishing than a broad nose tool. 

For the milling process, the feed rate is derived from the thick¬ 
ness of chip taken by each tooth of the cutter. That is the distance 
the work advances between the time one tooth impinges upon it 
and the instant the next tooth contacts it. A number of variables 



feed per revolution in thousandths 
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Fig. 83. Chart for quickly computing time in turning various diameters. (Courtesy The Monarch Machine Tool Co., Sidney, Ohio.) 
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affect the permissible magnitude of the feed; type of cutter, work and 
cutter material, depth of cut, finish desired, rigidity of work, machine, 
and fixture, the power available, and the nature of the application. 

For the feed rate (/), in inches per revolution, 

f^nt (62) 

where 

n = number of teeth in cutter, 

t = unit feed or chip thickness, in inches per tooth. 

From there Eq. 61, F = Nf, applies. 

The methods of calculating cutting time for the basic processes 
of turning, milling, and drilling have been demonstrated to show 
their rational basis. The same procedure is followed for any metal¬ 
cutting process, with modifications to conform to its inherent char¬ 
acteristics. 

Problem 27. Estimate the machine time for the piece of Fig. 75. 

Problem 28. Estimate the machine time for the piece of Fig. 76. 

Problem 29, A H.S.S. face-milling cutter, 10 in. in diameter, has 24 
teeth. It is used to mill a surface 24 in. long by 9 in. wide. Estimate the 
machine time for rough and finish milling, if the workpiece material is 
(a) Cast iron, (b) SAE X1315 steel, (c) SAE 1020 steel, (d) SAE 3150 steel. 

Problem 30. A face mill, 12 in. in diameter, has 18 teeth of cemented 
carbide. It is used to mill a surface 12 in. long by 10 in. wide. Estimate 
the machine time for rough and finish milling, if the workpiece material is 
(a) Cast iron, (b) SAE X1315 steel, (c) SAE 1020 steel, (d) SAE 3150 steel. 

Problem 31. An H.S.S. side-milling cutter is used to cut the groove in 
the piece of Fig. 221. The groove is 1 in. wide and 5^' in. deep and passes 
through the entire length of the piece of 7 in. The cutter is 6 in. in diameter 
and has 16 teeth. One cut is taken. Estimate the machine time, if the 
material is (a) Cast iron, (b) SAE X1315 steel, (c) SAE 1030 steel. 

Problem 32* An H.S.S. drill is to make a hole through a piece of cast 
iron, 1 in. thick. Estimate the machining time, if the diameter of the drill is 
(a) He in., (b) He in., (c) in., (d) 1 in. 

Relative importance of man time and machine time. It is significant 
to observe that as manufacturing equipment becomes more auto¬ 
matic, machine time becomes a larger factor and man time of less 
importance. If a standard design or practice is followed for semi¬ 
automatic equipment, the operator is given little alternative but to 
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follow a prescribed course, and forecasts of results are consequently 
more apparent. On many types of jobs the man time can be made 
to approach a constant value. As for fully automatic machinery, 
the elements of a cycle of an operation are predetermined by the 
characteristics of the machine. The machining time for a piece 
produced on an automatic screw machine, for instance, is determined 
by the movements and speeds of the machine. 

Maintenance and down time 

No estimate can pretend to predict, the actual time that will be 
taken in the factory for doing a job. What can be and is achieved 
is an average conformity to real perfoimance over a space of time. 
Unpredictable contingencies may occur in any project, causing it to 
deviate from its predicted <‘.ourse. If everything goes well, ex¬ 
pectations may be exceeded, but quite often the reverse is the case. 
Smooth performance is the exception rather than the rule in most 
plants. The operator may have to wait for materials or tools. 
Breakdowns or mishaps to machines or tools may be experienced. 
Evidently, these circumstances cannot be foretold in any one esti¬ 
mate. However, their statistical prevalence can be determined and 
sufficient adjustment made in each estimate to compensate for them 
over a period of time. 

It is common practice to apply a general performance factor, R, 
to estimates, on the basis that: 

(63) 

when 

Ta = time taken for a number of specific jobs, and 

Te = time estimated for the same jobs. 

Sufficient jobs are chosen over a long enough period to be repre¬ 
sentative. Subsequent estimates are then increased by multiplying 
them by the factor, which can be recalculated and revised as desirable 
to conform to changing conditions. Studies in various plants have 
revealed a performance factor of between 1.10 and 1.70. 

Example 13: Estimate the direct labor cost of 10 studs, shown in Fig. 74, 
on a 16-in. engine lathe. 
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1. Calculation of machine time elements 

a. Turn to 0.900-in. diameter by 2% in. long. 

For cemented carbide tools, use 312 s.f.p.m. 

For IJ^-in. original diameter speed is approximately 800 r.p.m. 
Feed = 0.015 in. per revolution for depth of cut of 0.30 in. 
From Fig. 83, unit time = 0.08 min/in. 

Cutting time 2.437 X 0.08 — O.l'O min. 

b. Turn to 0.650-in. diameter by 1% in. long. 

Feed = 0.025 in. per revolution. 

r.p.m. = 1200, assumed maximum for lathe. 

Unit time = 0.03 min/in. 

Cut time ~ 1.69 X 0.03 - 0.05 min. 

c. Finish turn 0.874 002 diameter. 

Feed - 0.010 in. per revolution, 
r.p.m. ~ 1200. 

Unit time — 0.08 min/in. 

Cut time = 0.75 X 0.08 = 0.06 miii. 

d. Finish face shoulder under head. 

Feed = 0.007 in. per revolution, 
r.p.m. = 225. 

Length of tool travel ==0.31 in. 

Unit time = 0.63 min. 

Cut time = 0.31 X 0.63 ~ 0.20 miu. 

e. Finish turn 0.625 io ooo"**^* 

Assume 1-in. length. 

Feed = 0.030 in. per revolution, 
r.p.m. = 1200. 

Cut time = 1 X 0.08 = 0.08 min. 

f. Finish-turn J^-in. thread diameter. 

Cut time = X 0.08 = 0.06 min. 

g. Form 45® chamfer on head. 

Use H.S.S. tool at 90 s.f.p.m. 

Feed at 0.007 in. ptir revolution. 

Depth of cut % in. to allow for approximate positioning of tool. 
Unit time = 0.63 min/in. 

Cut time = 0.19 X 0.63 ~ 0.12 min. 

h. Face shoulder to 0.750 io ^ dimension and cut groove. 

Feed at 0.007 in. per revolution. 

Speed of 90 s.f.p.m. 

T .t. i. . 0.88 - 0.60 ^ . 

Length of cut ~- = 0.14 in. 

Unit time »» 0.37 min/in. 

Cut time * 0.37 X 0.14 * 0.06 min. 
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i. Face shoulder and cut thread relief. 

Unit time = 0.37 min/in. 

X e ^ 0-63 X 0.43 - . 

Length of cut ---- = 0.10 in. 

2 

Cut time - 0.37 X 0.10 - 0.04 min. 

j. Center drill end. 

Ijcngth of cut % in. 

Speed at 1200 r.p.m., maximum of lathe. 

Feed = 0.004 in per revolution 
Unit time = 0.21 min/in. 

C'ut time = 0.32 X 0.21 = 0.07 min. 

k. Cut thread. 

(Xit speed = 49 s.f.p.m. or 375 r.p.m. 

Travel — H X 13 ~ 9.75 revolutions. 

9 75 

Time for one cut = = 0.036 min per cut. 

375 

Assume average of 0.005 min per cut. 

Depth of cut = 0.042 in. 

9 cuts required on thread. 

l. Cutoff. 

JI.S.S. tool at 90 s.f.p.m. = 225 r.p.m. 

Feed = 0.007 in. per revolution. 

Length of travel — H in. 

Unit time = 0.63. 

Cut time = 0.63 X 0.75 — 0.48 min. 


Man and machine elements 7 /cr j}iece Minutes 

1 . Release universal chuck, move material out by hand, scale for 

proper amount of stock and secure material in chuck for work,. .. 0.450 

2 . Remove center and install drill chuck and cent(T drill in tailstock 0.150 

3. Advance tool to work. O.lOO 

4. Center drill. 0.070 

5. Withdraw tool. 0.100 

6 . Remove drill chuck and insert center. 0.150 

7. Advance center to work. 0.100 

S. Install tool bit in holder and adjust. 0.500 

9. Move cross slide into position, set tool to depth, advance tool to 

work, engage feed. 0.200 

10. Trial cut M in. long (0.08 X 0.25). 0.020 

11 . Mike diameter. 0.200 

12 . Back tool from work, set to proper depth by micrometer dial, 

advance tool to work, engage feed. 0.300 

13. Rough turn 0.900-in. diameter. 0.200 

14. Back tool from work, set to proper depth by dial, advance to work, 

engage feed. 0.300 

15. Rough turn 0.650-in. diameter. 0.050 

16. Mike diameter. 0.200 

17. Back tool from work, set to depth by dial, advance to work, engage 

feed. 0.300 


















210 


PRINCIPLES. OF ESTIMATING 


Minutes 

18. Trial-cut pi-in, diameter X M-in. long. 

19. Mike diameter. 0.200 

20. Back tool from work, set to depth, advance tool to work, engage, 

feed. 0.300 

21. Finish turn 34-in. thread diameter. 0.060 

22. Mike diameter. 0.200 

23. Back up tool, set by dial, engage feed. 0.300 

24. Trial cut M in. long. 0.020 

25. Back up tool, mike, make adjustment, advance tool to work, engage 

feed. 0.400 

26. Stimi-finish turn 0.625-in. diameter. 0.080 

27. Back up tool, mike, make adjustment, advance tool to work, engage 

feed. 0.400 

28. Finish-turn 0.625 ^-in. diameter. 0.080 

29. Mike.!. 0.200 

30. Back up tool, adjust by dial, engage feed. 0.300 

31. Trial cut 34"in. long. 0.020 

32. Back tool from work, mike, set proper tool depth, advance tool to 

work, engage feed. 0.400 

33. Finish turn 0.874 "*'n^ 9 "in. diameter. 0.060 

34. Mike. 0.200 

35. Change tool in tool holder, set to proper angle for cut. 0.400 

36. Move cross slide into position, advance tool to work. 0.200 

37. Form cut for 45® chamfer on head. 0.120 

38. Back from work, position tool in clear. 0.100 

39. Change tool in post, set in position. 0.400 

40. Advance cross slide tool, scale for proper position of cut, engage 

feed. 0.200 

41. Face shoulder under head. 0.200 

42. Form % radius and blend with 0.874-in. diameter. 0.200 

43. Position tool and engage feed. 0.150 

44. Rough-face shoulder. 0.060 

45. Back tool from work and mike. 0.300 

46. Set tool to proper depth, advance to work, engage feexi. 0.400 

47. Finish-face to 0.750 in dimension and cut groove. 0.060 

48. Mike. 0.200 

49. Position tool, scale for proper position of cut, engage feed. 0.200 

50. Face shoulder and form thread relief. 0.040 

51. Back tool into clear. 0.100 

52. Change tool and set to proper position. 0.400 

53. Advance tool to work. 0.100 

54. Chamfer thread end. 0.040 

55. Back tool into clear. 0.100 

56. Change tool, set in proper position, and secure. 0.400 

57. Position tool, set proper micrometer depth, start machine, engage 

feed at proper lead. 0.200 

58. Nine cuts on thread. 0.270 

59. Eight settings of tool at 0.150 each. 1.200 

60. Position cross slide into clear, 2 X 0.100. 0.200 
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Minutes 

61. Blow thread clean, 2 X 0.080. 0.160 

62. Check with gage, 2 X 0.300 . 0.600 

63. Clean up threads. 0.400 

64. Change tool in tool post and check. 0.400 

65. Scale for cut, position tool to work. 0.150 

66. Break 4 edges with file. . 0.200 

67. Cutoff. 0.480 


Total element time. 15.260 

Allowances: ^ 

a. Tool sharpen. 3.000 

b. Personal, 5%. 0.760 

c. Fatigue, 15%. 2.250 

Man and machine time each. 21.310 

For 10 pieces. 213.10 

Setup time. 

1 . Make up time slip and check in on job. 1.000 

2 . Study drawing. 1.000 

3. Trip to tool crib. 5.000 

4. Allowance for 10 tools handled. 6.000 

5. Install three-jaw chuck on spindle. 2.000 

6 . Install tool post on cross slide. 0.400 

7. Release compound rest, swing into proper position, and secure. . . 0.400 

8 . Install drill chuck in taper sleeve. 0.500 

9. Position tail stock and lock to ways. 0.200 

10. Deliver first piece to inspector. 0.700 

11. Sign out on completed job. 1.000 

12. Separate drill chu(!k from adapter sleeve. 0.250 

13. Remove cutting tools and store. 0.250 

14. Remove toolholders and store. 0.250 

15. Remove tool post and store. 0.350 

16. Clean measuring instruments and return. 0.250 

17. Remove chuck. 1.000 

18. Remove center from tailstock. 0,300 


20.850 

Total time for 10 pieces. 213.10 

20.85 


233.95 

If the performance factor is 1.25, then the estimated time should be 
233.95 X 1.25 = 292.44 min. 

= 4.88 hours 

At SI .75 per hour, direct labor cost is 

$1.75 X 4.88 « $8.54. 


































Fig. 84. A cylinder head. 


Estimate forms 

The sample estimate of Fig. 85 shows the actual procedure of 
arriving at a price for a casting in one of the country’s leading found¬ 
ries. On sheet No. 1 of the estimate, the pertinent items of cost 
are entered and totalled. These include auxiliary services, material, 
labor, and overhead. Sheets 2, 3, 4, and 5 show how the figures for 
the direct items are obtained from the elements of the operations. 

The sample tool estimate sheet of Fig. 86 indicates the procedure 
followed in one tool shop for estimating the cost of tools. 

















Sheet No. 1 


Fig. 85. Estimate of cost of casting cylinder head of Fig. 84. (Cour¬ 
tesy Campbell, Wyant, & Cannon Foundry Co., Muskegon, Mich.) 
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Sheet No. 2 


Fig. 85 (continued) 
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Sheet No. 3 
Fig. 85 (continued) 
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Sheet No. 4 
Fig. 85 (continued) 
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Sheet No. 5 


Fig. 85 (concluded) 
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Fig. 86. Sample tool-estimate sheet. (From Owen, Introduction to Tool 
EngineerinQy p. 140, Prentice-Hall, 1948.) 
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SUMMARY 

Estimates of cost are necessary for valid economic comparisons, 
for setting the selling prices of many articles, and for justifying 
proposed methods and tooling. Generally, the cost of making an 
article must be estimated before any other steps are taken to pro¬ 
duce it. 

Cost estimates must be built on an understanding of: 

1. The characteristics of materials. 

2. The methods and techniques of manufacturing. 

3. Ways of ascertaining and recording costs. 

4. The fundamentals of time and motion study. 

5. The principles of tooling. 

6. The ways of comparing alternate methods. 

The fundamental approach to estimating is to break a job into 
parts that are easily evaluated by calculations or comparisons. The 
extent to which a task is divided varies. In some cases over-all 
comparisons are in order, but should always be carefully scrutinized. 
At the other extreme, operations may be divided into small elements. 

The complete estimate of the cost of a manufactured article is 
composed of the following items: 

1. The cost of the auxiliary services, if they are allocated sep¬ 
arately to the individual job. In many cases these services are 
included in the overhead and do not appear as items of the estimate. 
In other cases, only part of them may be estimated specifically. 
Special patterns and tools applicable to only one job are normally 
charged to that job alone. 

2. The material cost. 

3. The cost of direct labor. 

4. Overhead, often as a percentage of direct labor, but also on 
other bases where they are more applicable. 

Where an auxiliary service is itemized separately, its cost is 
found by multiplying the estimated direct time for it by a rate 
which includes functions related to it but difficult to distribute 
exactly. The direct time for many auxiliary services can only be 
estimated from comparison with similar past performance. 

There are four steps in estimating the material cost of an article. 
They are: 
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1. Determine the rough size of the piece. 

2. Calculate the rough weight. 

3. Add losses not related to the individual pieces. 

4. Multiply the quantity of material by the base price. 

Material costs for tools may include those for standard details 
that are purchased. 

The direct labor time of a productive operation is made up of: 

1. Setup time. 

2. Man or handling time. 

3. Machine or cutting time. 

4. Maintenance or down time. 


The man and machine times for an operation may be found by 
breaking the operation into suitable elements. Setup time is also 
made up of elements, but is normally treated separately. 

Man time can most accurately be found by synthesis. Typical 
handling elements for all types of machines are measured and re¬ 
corded. From these, the elements needed for a specific job can be 
chosen and added together. To the measured elements, allowances 
are added for personal needs, fatigue, tool sharpening, and checking. 

Machine time can be calculated from the basic equation of: 


The time for a cut in minutes 


length of travel of the tool or work 
feed in inches per minute. 


The length of travel has three parts, which are: (1) the distance 
over which the tool takes a full cut, (2) overtravel, (3) approach. 

The feed in inches per minute is derived from the bite taken by 
the tool. General specifications for speeds and feeds that will stand 
up under competitive conditions are difficult to forecast. Judgment 
must be used by an estimator to approximate the speeds and feeds 
likely to be used on a job. 

To make up for uncertainties, it is common practice to apply a 
general performance factor to estimates to adjust them to the real¬ 
ities of experience. 


Example 14: Estimate the total cost of 10 studs like the one shown in 
Fig. 74. The engineering rate is $2.25 and K hour is needed for making 
the drawing and preparing prints for the shop. 

Overhead rate is 1,5. Thus, the pertinent items are: 
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Engineering, X 2.25.... $ 1.13 

Material (from Example 11). 1.72 

Direct labor (from Example 13). 8.54 

Overhead, 8.54 X 1.5. 12.81 


Total cost. $24.20 


To the total cost must be added the desired profits, selling expense, etc., 
to obtain the selling price of the article. Sometimes a factor for these items 
is furnished by the management. 

Problem 33. Estimate the total cost to make 5 studs like that shown 
in Fig. 75. The direct labor dollar overhead rate is 1.5. One-half hour of 
engineering at $2,50 per hour is required. The direct labor cost is $1.65. 

Problem 34. Estimate the cost to make 25 pf»ish rod blanks like that 
shown in Fig. 76. The direct labor dollar overhead rate is 1.5. The direct 
labor cost is $1.65. 



Problem 36. Estimate the cost for 12 valve push rod guides shown in 
Fig. 87. The castings are obtainable for 20 cents per pound. The direct 
labor cost is $1.65. The direct labor dollar overhead rate is 1.5. 

Problem 36. Estimate the time for turning on a lathe the parts for 
one air cylinder shown in Fig. 88. Include time for setup, handling and 
cutting. Add appropriate allowances. 

QUESTIONS 

1 . For what purposes are cost estimates needed? 

2. What qualifications must an engineer have to be able to make compe¬ 
tent estimates? 








NAMi 



Fig. 88. Air cj'linder. (From Luzadder, Fundamentals of Engineering Dran'ing^ p. 339, Prentice-Hall, 1946. 
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3. What general principle describes the basis of all cost estimating? 

4. What are some of the precautions that must be taken in using over-all 
comparisons as bases for estimates? 

6, How may the functions necessary to produce an article be classified 
for estimating? 

6. What determines the i)rincipal items of an estimate? 

7. In general, how are auxiliary services estimated? Are all auxiliary 
functions treated in the same way? Why? 

8. When is the value of material a high percentage of the cost of a job, 
and when is it low? 

9. What factors should be considered for material cost? 

10. For a piece made from barstock, how is tfie total amount of raw 
material calculated? 

11. How mu(jh material is needed for a stamping? 

12. How is the amount of material needed for a casting estimated? 

13. Give a summary of the general procedure for estimating material 
cost. 

14. Into what four parts may any production task be divided? 

16. How are operation elements used in estimating? 

16. Of what significance to estimating is the fact that there is usually a 
definite relation between the time value of an element and its variable 
conditions? 

17. Wliat is setup time? Should it be treated as a separate entity for 
most operations? Why? 

18. What is man time? What is machine time? 

19. List the elements for typical operations on the following machines: 
(a) milling machine, (b) turret lathe, (c) gear bobbing machine, (d) radial 
drill (to drill 2 holes). 

20. How are time values for nonmachining elements ascertained? 

21. Why must allowances be added to recorded values of man-time ele¬ 
ments? 

22. For what considerations are allowances added to man-time elements? 

23. What conditions determine fatigue allowance? What are typical 
fatigue allowances for various conditions? 

24. How is the allowance for tool sharpening related to tool life? 

25. What two considerations determine checking allowance? What fac¬ 
tors influence each of these considerations? 
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26. What is the fundamental relationship on which all machine time 
calculations are based? 

27. What three distances make up the total length of a cut? 

28. What is overtravel? 

29. What is approach? 

30. Can general recommendations be made for s})ceds and feeds to meet 
competitive conditions? Why? 

31. What conditions influence the proportion of man time to the total 
time of an operation? 

32. Why is it common practice to apply a general performance factor 
to estimates? How is that factor obtained? 
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6 SHORT CUTS AND VARIATIONS 
IN ESTIMATING 

SHORT CUTS IN ESTIMATING 

Reasons (or simple methods 

An evident disadvantage of estimating by synthesis, as described 
in ( 'hap. 5, is its tediousness and costliness. In spite of this, it 
has an accepted place in industry, particularly for large quantities, 
because it is the only means by which the most accurate results can 
ha obtained. But there are many cases where attention to details is 
superfluous. If only one or a few items of a kind are to be made, 
error in their unit estimated cost is not as serious as for many parts. 
Preliminary estimates or surveys do not normally call for as precise 
statements as those upon which actual contracts are made. Further¬ 
more, in a manufacturing plant the facilities devoted to regular 
production probably are not used for making special items and thus 
the applicable factors for the two forms of fabrication are usually 
different. For those estimates in which more laxity can be toler¬ 
ated in view of easier preparation, simpler methods than synthesis 
have been developed. 

Approximate (actors 

One method of approximation is to determine factors from actual 
performance to be multiplied by calculated machine time to give an 
estimate of over-all time. As an example, if the calculated machine 
time for a lathe, planer, shaper, miller, or boring mill, using high¬ 
speed steel tools or grinders using conventional abrasives, is mul¬ 
tiplied by four, a surprisingly close approximation will be obtained 
to the total time needed to produce one piece of average accuracy. 
If cemented-carbide tools are used, providing a lower cutting time, 
the factor must be proportionately higher. For small tolerances, 

SK25 
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more exacting adjustments and repeated cuts will be necessary, 
and a larger factor must be used. For reasonable reliability, these 
factors must be based upon the conditions prevalent in the plant for 
which they are used and must be applied with discretion. 

One tool engineer found in his plant that the average run of jigs 
and fixtures took about the same amount of time for fabrication and 
assembly as for designing and detailing. For special tools and 
machines, it will often be found that the time for machining the 
parts or details will be about the same as for fitting and assembling 
them. None of these relationships or factors can be assumed to 
apply to all plants or even to all jobs in any one plant. They are 
cited to demonstrate what the engineer can arrive at through study 
and experience for his particular purposes. His success in using 
such short cuts will always depend upon the judgment he is able to 
exercise in choosing the circumstances that dictate the proper factors 
for any particular case and indicate when not to apply a certain 
factor. 


Approximate formulas 

In many cases approximate formulas can be developed and ap¬ 
plied with good results. As an instance, for externaUcenter-type 
cylindrical grinding of pieces over which the wheel must be traversed, 
the following formula has been used for roughing cuts.^ 


LX SXd _ 

2XW XDXC 


(64) 


where 

T = machine time of grinding, in minutes, 

L = length of surface ground, in inches, 

S = stock on diameter to be removed, in inches, 
d = diameter of surface, in inches, 

W = width of face of grinding wheel, in inches, 

D = depth of cut per pass, in inches (0.001 to 0.004 in. for rough 
cut and 0.0002 to 0.002 in. for finishing), 

C *= surface speed of work piece in feet per minute (30 f.p.m. 
for tough or hard materials, 50 f.p.m. for mild steels, and 
75 f.p.m. for soft materials such as aluminum or brass). 


* W. A. Nordhoff, Machine Shop Eetimating, page 343,. New York: McGraw- 
Hill Book Co., Inc., 1947. 
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In practice this formula has been reported to give reasonable 
answers in about 75 per cent of the external grinding jobs. It is 
based on the assumption that the wheel advances a distance W12 for 
each revolution of the workpiece and the number of revolutions per 
minute (iV) of the workpiece is approximately 4 C.S./D, from which 
the derivation is evident. For finishing, the wheel can be assumed 
to advance an amount of W /4 for each revolution of the workpiece, 
and 


T = LXSXd 
W XDXC 


(65) 


The production rate of a punch press operation is largely deter¬ 
mined by the speed of the press in strokes per minute, one piece 
being produced at each stroke. In addition to the time consumed 
by the press action, operator time is needed for loading, unloading, 
locating, and so on. For blanks from strips, it has been found 
for the large majority of cases that the press is actually working only 
about 24 min out of an hour with hand-feed of the strips, and about 
48 min with roll-feed. On this basis the following expression can 
be used for labor cost per 1000 blanks 


For hand feed 




c ^ 

" 0.024Ar 

(66) 

For roll feed 




r ^ 

" 0.048iV 

(67) 


where 

C = labor cost per 1000 blanks, in dollars, 
L = hourly labor charge, in dollars, 

N = number of press strokes per minute. 


If the press to be used is known, the number of strokes per min¬ 
ute (N) can be found from its specifications. Otherwise, the fol¬ 
lowing recommendations® have been made for estimating stamping, 
shaving, and trimming operations: 


W. Hinxnan, Die Engineering Layouts and Formulas, page 148. New 
York: McGraw-Hill Book Co., Inc., 1943. 

* Wm. H. Schutt, Process Engineering, piage 17. New York: McOraw-Hill 
Book Co., Inc., 1948. 



S28 


SHORT CUTS AND VARIATIONS IN ESTIMATING 


1. 60 to 200 r.p.m. (100 r.p.m. average) for ordinary metal up 
to in. thick. 

2. 25 to 75 r.p.m. (50 r.p.m. average) for thicknesses over in. 
with geared presses. 


TOOL ESTIMATING 
Comparison with standards 

The fact that many types of jigs, fixtures, tools, gages, and dies 
possess in common certain fundamental details or require certain 
universally performed operations in their fabrication permits simpli¬ 
fication and approximation in estimating their cost with remarkably 
accurate results. Standardized bushings, in various sizes, for ex¬ 
ample, are normal components of almost every jig. They can be 
purchased commercially and their use makes possible immediate 
appraisal of their cost. For locating and nesting in jigs and fixtures, 
blocks and pads of various sizes are frequently used, but most of 
them can be classified essentially into comparatively few groups. 
Generally, the cost of making blocks of a reasonably similar form 
varies only with the size, and means can be found to appraise the 
cost easily of any particular block in a certain category merely by 
comparing it with the standard. These examples are merely illus¬ 
trative. The ideas that they represent can be utilized in many 
other ways. 

It should not be inferred that any system of estimating has been 
devised whereby accurate estimates can be arrived at solely from 
formulas, charts, or tables. Such forms of information merely serve 
as convenient tools and must be supplemented by a background of 
engineering principles and a knowledge of construction and design of 
the articles considered. The engineer must be able to visualize 
the machine and hand work necessary for construction of a jig, 
fixture, or die if he is to realize fully what is required and before he 
can be certain that any available data are comparable afid applicable. 

A typical method of tool estimatins 

In the volume on Die Designing and Estimating based on the works 
of Charles Bohmer and George Dannes,^ a simple, yet resourceful, 

^Descriptions, tables, and illustrations for this method are reproduced by 
permission of the publisher, Huebner Publications, Cleveland, Ohio. 
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method of estimating the common details of the average run of tools 
and dies is presented. Instead of the time-consuming procedure of 
estimating the cost of each operation and tool detail individually, 
this method tabulates all the operations and groups the various 
details according to their relationship to each other. It takes into 
account all the factors which determine the cost of a tool, yet treats 
them in natural combinations. Using a die as an example, the 
authors offer the following classification of the work to make it: 

Group A—Machining. 

Squaring of blocks—die, punch, punch plate, stripper, etc. 

Grinding before and after hardening. 

Group B—Holes. 

Screw and dowel holes. 

All other holes {except i>erforato!* or pilot holes). 

Group C—Layout. 

Die layout, die opening. 

Location of perforator, etc. 

Inspection. 

Group D—Work on die. 

Machining of die opening. 

Finishing of die opening. 

Machining and fitting of punch. 

Opening of punch plate. 

Clearance in stripper and die shoe. 

Stripper slot. 

Group E—Accessories. 

Perforators, pilots. 

Perforator and pilot holes in die, punch plate, stripper, and die shoe. 

Knockouts. 

Stops. 

Nests. 

Spring pins and miscellaneous accevssories. 

Group F. 

Assembling. 

Development. 

Tryout. 

These groups include all requirements and are arranged with 
comparable work in each group rather than in operational sequence. 
The basis for setting the time of all items in any one group is uni¬ 
form and the arrangement can save considerable estimating time. 
Tables of standard work-time can be set up by groups for ready 
reference. Two specific examples win now be given from Die Design^ 
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ing and Estimating^ to illustrate the treatment of the various items. 
These examples have been extracted to convey an understanding 
of the principles of the method and are not intended to give a com¬ 
plete estimate for any one part. 

The several blocks of steel from which the principal details of the 
die are made must each be machined on six sides to square and true 
the surfaces to be used as references so that the pieces can be worked 

TABLIO 4 

Time Values for Squaring Die Blocjks 


WIDTH IN INCHES 


cc m 

s a 

3 

H 



1 

2 

3 

4 

5 

6 

7 

7y2 

8 

9 

10 

11 

P3 a 

^ S 

2 

3 2 

H 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 


1 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

is 

H 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


1 

.3 

.3 

.4 

.4 

,5 

.5 

.5 

.6 

.6 

.6 

.6 

.7 

.7 

.7 

.7 


2 

.3 

.4 

.5 

.5 

.6 

.6 

.6 

.7 

.7 

.7 

.8 

.8 

.8 

.9 

.9 


3 

.4 

.5 

.5 

.6 

.0 

.7 

.7 

.8 

.8 

.9 

.9 

1.0 

1.0 

1.1 

1.1 


4 

,4 

.5 

.0 

.6 

.7 

.7 

.8 

.9 

1.0 

1.1 

1.1 

1.3 

1.3 

1.3 

1.4 

g i 
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IN 

HOURS 


and assembled accurately. Table 4 pro^ddes the time estimates 
for squaring many sizes of oil-hardening tool steel block in the un¬ 
hardened state. For blocks of soft steel, 70 per cent of the specified 
values are sufficient. For high-carbon high-chrome steel and other 
tough materials, values 120 per cent of those in the table should be 
used. 

Note : The authors state that there is a fixed relationship between 
the time for squaring a given block and the time necessary for ^rind- 
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ing it and accordingly specify that the following basis for ascertaining 
the grinding time be used. 

For plain setup--50 per cent of above values plus 0.1 hour. 

For indicator setup~50 per cent, plus 0.3 hour both before and after 
heat treating, which is thus the equivalent of 100 per cent of the table 
value for squaring plus 0.6 hour. 

Note: If a piece of cold-rolled steel, or other material which requires 
no heat treatment, is to be ground, 50 per cent of the squaring-up time is 
used plus 0.1 hour for setting up in the surface grinding. 

If the piece to be ground is tool steel, it will genemlly have to undergo 
the grinding operation preparatory to layoul and then another after it has 
been heat treated. Therefore, 100 per cent of the squaring up time is added, 
plus 0.2 hour for setting up. If the setup is intricate; however, and requires 
the use of the indicator, 0.6 hour is added to the grinding and squaring time. 

Every figure given has been established and actually used. All 
the figures include allowances for all reasonable contingencies such 
as waiting for a machine and time to study the print. Additional 
tables have been prepared to include the grinding time in accordance 
with the rules for its calculation, as given above. 

Example 15: The die block shown in Fig. 89 is 13^ in. X 3 in. X 4 in. 
The nearest thickness according to Table 4 is 1 in. The corresponding 
time value in conjunction with a 3-in. width and 4-in. length is 0.6 hour. 

For the grinding time involving two setups: 

2 X 0.50 X 0.6 -f 2 X 0.1 = 0.8 hour. 



Fig. 89. Cross section of die, showing details. 
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Thus, squaring and grinding of the die block will require 1.4 hours. Of 
course, other w^ork will have to be done to complete the die block, as indi¬ 
cated for groups B, C, and D, and its extent is determined from other tables 
of similar type. 

The punch to he used in the same die requires a block 1 in. X 1 in. X 2 in. 
From Table 4 its machining time is 0.3 hour. Its grinding time will need be 
0.3 (table value) + 0.2 = 0.5 hour 
and total time will be 0.8 hour. 

The punch pad has dimensions 5^ in. X 3 in. X 4 in. (Nearest table 
value 3^2 ii^- X 3 in. X 4 in.) and a time of 0.5 hour. Since the pad is made 
of cold-rolled steel, only 70 per cent of the table value, or 0.35 hour is re¬ 
quired. Here, 0.4 hour is used for an approximation. Only one grinding 
setup is required and thus: 

0.4 X 0.5 + 0.1 = 0.3 hour 

and the total time for the squaring of the pad will be 0.7 hour. 

The stripper plate is in. X 3 in. X 4 in. and its squaring time is like¬ 
wise approximately 0.4 hour and grinding time 0.3 hour for a total of 
0.7 hour. 

Small punches or perforators are common components of dies 
and of more or less standard design. In some shops they are turned 
out or bought in quantities and stocked until needed. The means 
of estimating their cost is another example of the method under 
discussion. Figure 90 illustrates four commonly used types. Num- 
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TYPE 123 4 

P-POLISHEO 6-6R0UND L-LAPPED 

Fig. 90. Types of perforators in common use. (From Bohmcr 
and Dannes, Die Detsigning and Estimatingj Huebner Publications, 

1942, by permission of the publisher.) 

bers 1 and 2 are applicable to production runs not exceeding 50,000 
pieces with stock not over thickness. For heavier materials 

and longer runs, type 2 is preferred. Type 3 is more expensive, but 
performs more accurate work. Type 4 is intended for small holes 
and the perforator is fitted inside the bushing or quill for support. 
The letters P, G, or L alongside the outlines stand for the finish 
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desired: Polish, Grind, or Lap. Table 5 presents average time 
value for making various sizes of the perforators shown in Fig. 90. 
Of additional interest is the circumstance that die bushings and 
guide bushings have been found to require about the same time as 
does a type-3 perforator of equivalent size. 

« TABLE 5 

Time Values for Makincs and Finishing 
Perforatorb, Pilots, and Die Buttons 


Tyix- 

Time in liours 


1 

2 

5 or more 



each 

each 

1 up to ^ in. dia. 

0.7 

0.5 

0.4 

2 up to 5^ in. dia. 

0.9 

0.7 

O.f) 

2 over ^ in. dia. 

1.2 

0.9 

0.7 

3 up to in. dia. 

2.0 

1.5 

1.0 

3 over ^4 in. dia. 

2.5 

2.0 

I 

4 of yi in. dia. 

3.0 

2.5 

2.0 

4 of hi. dia. 

4.0 

3.0 

‘ 2.5 

4 of in. dia. 

5.0 

4.0 

3.0 


Example 16: The perforator of the die of Fig. 89 is % in. in diameter. 
From Table 5, the time required for making it is 0.9 hour. A guide bushing 
5^ in. in diameter is also needed in the stripper plate to support the perfora¬ 
tor. Its time value, the same as for a type-3 perforator of ^ in. in diameter 
is 2.0 hours. The total time required for making the jierforator and guide 
bushing is therefore 2.9 hours. 

ESTIMATING PREPARATION PERIOD 

Of vital concern to a tooling program is an estimate of the date on 
which the tools and equipment will be available and production activ¬ 
ity can begin. Material and production schedules are dependent 
on that expectation. The tool engineer is usually required to ascer¬ 
tain the length of time needed for preparation of the tooling, along 
with an estimate of cost. Obviously, the actual fabrication time 
alone is seldom the elapsed time for a tooling program 

Toolroom orsanization 

The organization of a toolroom determines to some extent the 
necessary preparation period for tools. There are two basic forms 
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of toolroom organization. In one, each toolmaker is assigned specific 
jobs and carries them through from start to finish; machining the 
details and then fitting and assembling them. He may work on 
several jobs concurrently, setting one aside when a machine is not 
available and taking up another. Under such a system the elapsed 
time approaches the actual working time but is usually somewhat 
longer because of unavoidable delays and interferences. 

In the second type of organization, the toolmakers let out the 
machining of the details to specialists operating the machine tools 
in the toolroom. The toolmakers also work in groups, headed by 
a group leader of better than average ability and skill. He allots 
the preliminary fitting and assembling to less skilled men in the 
group and takes care of only the most exacting jobs himself. The 
system of specialization and utilization of all degrees of skill offers 
the most economical means of toolmaking but does tend to lengthen 
the period of elapsed time for all jobs. A substantial backlog of 
work is desirable for smooth functioning and the likelihood of inter- 
ferencfs and delays is increased. 

Factors affecting delivery 

In any plant, situations are always arising which demand that 
some tools be made immediately. Breakdowns and unforeseen pro¬ 
duction difficulties are not uncommon in the best regulated factories 
and necessitate repairs and additions without delay. The highly 
departmentalized toolroom is not suited to rush jobs. Sometimes 
for emergencies a smaller toolroom of the first type is operated along 
with the regular toolroom of the second type. A tracer system may 
be employed in a systematized toolroom to expedite urgent jobs, 
although this tends to disrupt the routine and increase costs. In 
any event, under constant pressure, the elapsed time for a job can 
usually be reduced to an amount close to the actual working time. 

For routine jobs which do not warrant special attention, the 
backlog of orders having precedence in the toolroom is the first factor 
determining elapsed time. A toolmaker is usually not given more 
than a few jobs at a time. Too many tasks at once merely serve 
to clutter his work place and most of the assignments cannot be given 
attention anyway until he gets around to them. Customarily there 
is a certain float in the toolroom, and excess projects are set aside 
and assigned as completed jobs are returned. By watching this 




Pig. 91. The details of a drill jig. (From Luzadder^ Fundamentals of 
Engineering Drawing^ p. 352, Prentice-Hall, 1946.) 
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situation, the tool engineer can surmise when a job is likely to be 
started. From there, a reasonable supposition is that the time until 
completion will be about the same as for previous similar jobs. A 
record of dates on which each job is started and completed should 
be kept for the toolroom. These data will prove the most reliable 
basis for estimating future performance. 

SUMMARY 

Detailed analyses are not always necessary for cost estimating. 
Short cuts may serve as well. These may be in the form of approx¬ 
imate factors relating the machining time to the over-all time of 
production, fabrication and assembly to designing and detailing, 
or machining to fitting and assembling. General formulas for specific 
functions have also been used. Care and discretion must be exer¬ 
cised in applying approximations. 

A variation of tool estimating that has been applied successfully 
treats the cost factors in groups. Consideration of individual opera¬ 
tions is not necessary. Proven results for the various groups may be 
tabulated for easy reference. 

The period of time that must elapse before a tool will be ready is 
also a subject re(iuiring estimating. That time depends upon the 
toolroom organization, the backlog of work in the toolroom, the 
amount of follow-up, and the performance shown on previous jobs. 

Problem 37. Estimate the total time to fabricate the drill jig of Fig. 91. 
Consult manufacturers’ catalogues for prices of standard items. Use one 
or more of the following methods : 



Fig. 92A. Tumble jig. (Pigs. 92A and B are from Luzadder, 
FuTidamentak of Engineering Drawing^ pp. 366, 367, Prentice-Hall, 
1946.) 
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(a) List the operations for each detail. Calculate machining time for 
each operation. List elements and get values for them from tables in a 
handlmk) reference book, or plant. Add suitable allowances. 

(b) Calculate machining time for each detail and multiply it by a suitable 
factor for over-all time. Increase over-all time by enough to take care of 
fitting and assembly. 

(c) Break down the work to make the jig into groups of related cost fac¬ 
tors, like Group A—^machining; Group B—holes; Group C—layout, etc. 
From tables in references, handbooks, or plant records, obtain reasonable 
time values for the groups: 

Problem 38. Estimate the total time to fal.ricate the drill jig of Fig. 92. 
Use one or more of the methods outlined for Problem 37. The drill bushings 
and drill shaft of Fig. 92 are to be carburized and hardened except on the 
threads. Consult manufacturers^ catalogues for prices of standard items. 

Problem 39. Estimate the total time to fabricate the drill jig of Fig. 93. 
Use suggestions in Problems 37 and 38. 



Fig. 93A. Drill jig. (Figs. 93A and B are from Luzadder, Fundor 
















Problem 40. Estimate the total time to fabricate the hand-clamp vise 
of Fig. 94. Follow suggestions in Problems 37 and 38, 



Fip. 94A. Hand clamp vise. 



Fig. 94B. Details of a hand clamp vise. 
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Fig. 94C. Details of a hand clamp vise. (From Luzadder, Finula- 
mentals of Engineering Drawing, pp. 362, 36^.) 
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QUESTIONS 

1. Under what circumstances are detailed estimates desirable, and when 
are shor^ cuts in order? 

2. What kinds of factors may be used for quick estimates? 

3. What kinds of approximate formulas may be used to estimate spe¬ 
cific functions? 

4. What features of tools make it possible more or less to standardize 
methods of estimating their cost? 

6. Classify the steps required to make the drill jig of Fig. 91 into groups 
according to the similarity of the functions performed. 

6. Classify the stef)s required to make the drill jig of Fig. 92 into groups 
according to the similarity of the functions performed. 

7. Classify the steps required to make the drill jig of Fig. 93 into groups 
according to the similarity of the functions performed 

8. Wliat advantages are gained by classifying the work to make a tool 
into groups of similar functions? 

9. Why is it necessary to estimate the preparation period of a tool? 

10. Describe two forms of toolroom organization. 

11. What factors affect the length of time that is likely to elapse before 
a tool will be ready for use? 
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7 MANUFACTURING PRINCIPLES APPLICABLE 
TO PROCESS AND TOOL PLANNING 


The significance of planning 

Manufacturing proceeds from a number of stages and forms of 
planning. First, and most comprehensive, is administrative plan¬ 
ning, which sets in motion, cc*-ordinates, and controls the enterprise 
as a whole and creates the policies to guide those under the direction 
of the management. Concerned with the solution of the physical 
problems of production, the technicalities of how to carry out the 
policies and decisions of management, is production engineering, 
which includes the activities of process and tool planning, time and 
motion study, and plant layout. Issuing from these is temporal 
planning, done under the names of scheduling and dispatching, which 
co-ordinate materials, men, and machines to conform to the technical 
plans. Scheduling determines the rate at which they shall function. 
Dispatching starts and maintains the action. 

The highest productive efficiency is found when the required 
quantity, of the required quality, at the required time, by the best 
and cheapest method is produced. This is the goal of industrial 
management. It is secured by providing the required amount of 
material, proper machines and tools, the necessary personnel, and 
adequate instructions at the right time and place. To reach, or 
even approach, this ideal, planning is necessary. Henry L. Gantt 
stated that well-thqught-out plans, together with complete instruc¬ 
tions, can produce over 100 per cent more than is commonly done 
otherwise, if the limiting factor is physical exertion. Furthermore, 
the ratio of what can be done to what is often done may be even 
greater than three to one in work requiring skill and planning. 

The manufacture of an article involves a process or method; a 
series of actions or operations leading to a definite accomplishment. 
Usually several processes, or at least a number of variations, are 

S43 
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available for doing a job. So that those who prepare for the process 
and those who carry it through can direct their efforts towards the 
most desirable method, a master plan is necessary. The formation 
of a good plan requires that the process be well-understood and 
described in a concise and usable form. 

Time and again the necessity of planning as a basis for tooling 
has been proven. A large project is started, and the drawings of the 
parts to be made are distributed among a number of tool designers 
or tool makers. Without planning there is no co-ordination between 
them. One person is concerned with several operations, another 
person with other operations, etc. Each has his own ideas as to how 
the work should be done, and creates the tools for his operations ac¬ 
cordingly. The supervisors must carry in their heads a mass of 
details and cannot hope to keep it all straight. When production 
is attempted, pieces from early operations are found unsuitable for 
later ones. Some machines are overloaded; others almost idle. Tol¬ 
erances pile up and dimensions come consistently out of limits and 
out of control. As a result of these faults and many otheivs, produc¬ 
tion is snarled. A flow of good parts is only obtained after many 
revisions and alterations have been made. This is not an imaginary 
situation but is typical of what has occurred many times in large 
plants where tooling programs have been attempted without adequate 
preparation. 

A good tooling program is important to the success of a process. 
It can be fully effec^tive only if it is guided by a sound plan. Plan¬ 
ning recognizes ahead of time the problems likely to be met and 
thus provides the following benefits: 

1. The elimination of waste and inefficiency caused by confusion 
in the design of tools, fixtures, jigs, dies, and gages. 

2. The elimination of expensive cut-and-try methods and expen¬ 
sive redesign and alteration of tools. 

The course of efficient manufacturing is charted by basic prin¬ 
ciples or rules which define the conditions for successful performance. 
Many of these apply to phases of manufacturing with which the 
process or tool engineer is not directly concerned. Several, however, 
are fundamental to process and tool planning. They prescribe, 
directly or by implication, what it must accomplish and observe. 
These principles pertain to; 
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1. The necessity for an expression of objectives. 

2. The division or specialization of effort. 

3. The advantages of interchangeable manufacture. 

4. The utilization of machines and tools. 

5. The handling of material. 

6. The control of quality. 

7. The economical justification of machines and tools. 

Expression of objectives 

A necessary preliminary to an industrial project is a clear, com¬ 
plete statement of its object with which each acti>dty can be harmon¬ 
ized. Consequently, a process must be definitely identified. Its 
plan must stipulate the product for which it is intended, the quantity 
of pieces it is expected to produce, its relationship to the over-all 
scheme, and the time for which it is authorized. 

Division or specialization of effort 

Division of labor is a cardinal principle of modern manufacturing. 
Workers who specialize and concentrate on one or a few tasks ac¬ 
quire a proficiency from practice that increases the quantity and 
quality of their output. Efforts of adaptation and continuance are 
reduced. Under this precept, each worker is assigned one or a very 
few manual or mental tasks which he is capable of performing and 
can learn quickly. 

Division of effort permits the application of just the right amount 
of skill and force to each operation. If one workman or one machine 
were required to complete an entire process, he or it would have to 
possess the maximum amount of skill and strength required by any 
part of it. On the other hand, if the process is divided, only that 
amount of skill or strength applicable to each subdivision needs to 
be applied. As a result the construction and use of machines devoted 
to specialized tasks are feasible. 

To promote specialization and simplification, the mental labor of 
production should be reduced to a minimum by planning beforehand 
what work shall be done and how, when, and where. To designate 
division of labor, processes are divided into operatibns. A process 
plan should, therefore, define the extent and nature of specialization 
expected by a complete list of the operations showing their sequence 
in the process and placement within the plant. 
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Through division of labor and specialization the labor base can 
be broadened. Unskilled and semi-skilled laborers, even those pos¬ 
sessing a minimum of intelligence, can be employed. Such workers, 
however, cannot be expected nor depended upon to comprehend the 
intricacies of properly routing work through a shop nor even, in 
many cases, to direct their own efforts. With less capable subordi¬ 
nates, supervisors have more of their time consumed by a multitude 
of details and less of it available for contemplation of the broader 
aspects. In fact, with less skilled workers, the preference is for super¬ 
visors with personnel rather than technical inclinations, and conse¬ 
quently, the need for technical service is greater. As the tendency 
towards specialization is intensified, the necessity of planning the 
form and sequence of operations beforehand and of issuing complete 
instructions is augmented. Thus, in its more extended form a 
process plan may specify the results expected from each operation 
and present directions for obtaining them efficiently. 

Interchangeable manufacture 

Interchangeable manufacture is fundamental to quantity pro¬ 
duction of mechanical devices. It is based upon the idea of making 
each dimension of all the pieces of a part of a machine or assembly 
enough alike so that any of the pieces will fit and function properly 
in any of the assemblies. It is helpful in the following ways: 

1. For some products it provides ease of assembly for the manu- 
"facturer. 

2. It may make repairs easier and thus benefit the user of the 
product. This second advantage may be nullified to some extent 
by the first. For instance, it often is not economical to repair cheap 
watches, even though replacement parts are obtainable, because of 
the low cost of the watches made possible by interchangeable manu¬ 
facture. 

3. Interchangeable manufacture may provide the means for the 
utility of the product, as is the case with fixed size wrenches or 
electric light bulb sockets which must conform closely to standards. 

4. Interchangeable manufacture reduces cost by standardizing 
methods of manufacture. Within a process interchangeable parts 
can be held and located within definite limits and can be worked in 
a predictable manner. 

6. Interchangeability has made dispersion of facilities possible 
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as manufacturing has grown. It is not uncommon for the same 
parts of a mechanism to be made simultaneously in two or more 
factories. If one source fails, there is not a complete cut-off of sup¬ 
ply. The parts made in all plants can be depended upon to corre¬ 
spond, particularly if the same methods are employed by all suppliers. 

Interchangeability is realized by permitting a variation or toler¬ 
ance from the basic size of each dimension. That may be large or 
small, depending on the requirements, but maintenance of tolerances 
depends upon operational control. In production machining, an 
attempt is made to bring all workpieces coming to an operation into 
the same relationship with the tools. That is why fixtures and jigs 
are used to locate workpieces uniformly. But every means to that 
end adds some error, no n^atter how small. Thus errors are intro¬ 
duced by variations in location of the workpiece, by the action of 
the cutting tools, by inaccuracies in the machine, and by the human 
element. The possible effect of each factor must be appraised, and 
the sum of all recognized, if required results are to be assured. Then 
to make certain that the errors do not exceed expectations, the 
nature of each arrangement must be clearly stated. In other words, 
a process plan should take into account the locating of the workpiece, 
specifying the locating surfaces on the part and the device for making 
contact with these surfaces. It should include a description of the 
tools and machines and call for such equipment as will perform within 
the desired limits. And last, but not least, it should not overlook 
the human factor and should provide necessary means to aid the 
operator in doing the job right. 

Principles pertaining to the utilization of tools 

Tools and machines are utilized to derive advantages as expressed 
in the principles of: 

1. Mechanical advantage, as found in clamps and levers. 

2. Advantage of perception, as illustrated by the dial and lead- 
screw on a machine tool whereby minute increments of movement 
or distance are magnified so as to be readily visible to the operator. 

3. Transfer of power, whereby means are provided in a machine 
for applying power from an external source to supiilement and even 
replace human exertion. 

4. Transfer of skill and thought to machines and tools that dupli¬ 
cate the craftsman’s performance and need relatively inexpert atten- 
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tion. The common drill jig is an example. An automatic machine 
which repeats each step of a cycle without continuous attention is 
another case. 

6. Simulation of action, whereby several elements of an opera¬ 
tion are performed simultaneously. A machine tool arranged to 
take several cuts at once carries out one aspect of this principle. 
Another is found in an operation arranged so that the operator can 
load one fixture, while the machine is working on a piece in another 
fixture. 

Obviously, a process and tool plan must give attention to the 
characteristics of the machines and tools needed to take advantage 
of these principles. For instance, the clamping means to be pro¬ 
vided on fixtures should be understood if assurance is to be given 
that adequate mechanical advantage will be derived without distor¬ 
tion. If dimensional limits are close, gages should be specified which 
will offer the operator the means of perceiving results accurately. 
The size, type, and make of each machine tool should be determined 
to assure sufficient capacity and available power. Where transfer 
of skill and thought is intended, a clear idea of how it is to be ac¬ 
complished is necessary. 

Material handling 

The moving and handling of materials is often a sizeable part of 
a process. Economy in handling materials is promoted by reducing 
the number of operations (decreasing the number of times each piece 
is handled), by moving material in a straight line, by decreasing the 
distance over which materials must be transported, and by providing 
efficient carriers. Detailed consideration of material handling meth¬ 
ods is usually not within the province of process planning, but the 
relationship of the two must not be overlooked. Any process and 
tool plan must take cognizance of such factors as the locations of 
machines and the design of fixtures, etc., that facilitate handling. 

Control of quality 

Quality control is essential to quantity production. It adds to 
the productive effort, but increases the output of salable goods and 
improves the competitive position of the product. Inspection is the 
usual means for the control of quality. It may be preventive, taking 
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place at the machines. It may occur at strategic stations throughout 
the process, or it may take place upon completion of the parts. 

A decision needs to be made as to the proper place of inspection 
in a process, and the process plan should reflect that decision. 

But inspection alone is a passive means of enforcing accuracy. 
Quality, if it is to be real, must be manufactured into a product. 
The causes of errors and the means of (jontrolling them must be 
known. This presents a challenge for good planning and tooling 
that will make it easy for the man at the machine to produce the 
required quality with no more effort than not to do so. 

The economic justification of machines and tools 

As has been pointed out, mechanization provides definite process¬ 
ing advantages. However, the extent to which its use is warranted 
in any case is a matter of economics. That has been discussed in 
( /haps. 2, 3, and 4, dealing with economic principles. Dexter S. 
Kimball has summarized this idea as the basic principle of mass 
production: the larger the number of units that are to be made of a 
product, the greater the time and money that can economically be 
expended upon preparation and planning. Since a process and tool 
plan implies a certain investment to carry it out, it follows that in 
its conception adequate investigation must be made of the justifica¬ 
tion for its requirements. 

Contents of a process and tool plan 

On the basis of the principle discussed, the contents of a process 
and tool plan can be summarized as follows: 

1. An identification of the process and an indication of its pur¬ 
pose, comprising the definite information of: 

a. The name and identification number or symbol of the article 
for which the process is intended. 

b. The quantity to be produced by the process and/or the 
number of parts in each lot. 

c. The description of the material from which the part is to 
be made; its rough condition, shape, weight, or size. 

d. The model or assembly for which the specific part is intended 
(or if an assembly, an identification of its components) and the 
number of parts in each assembly. 
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e. The date on which the project becomes effective. When 
the limit of usefulness is known, a superseded date may also be in 
order. 

f. An identification of the person compiling the plan. 

g. Filing numbers or code for the paper work. 

h. The number of the order providing authority for the activ¬ 
ity. 

2. A conception of the division of labor to be undertaken in the 
process, including: 

a. A list of the operations sp)ecifying the steps to be taken 
during the process. 

b. A numbering system designating the position of each opera¬ 
tion in the process and the sequence of the operations. 

c. A designation of the department in which each operation 
is to be conducted and the location within the department. 

3. A description for each operation of the manner in which it 
conforms to the principles of interchangeable manufacture and con¬ 
trol of quality. This may include the following points: 

a. The locating surfaces on the workpiece and the clamping 

areas. 

b. Specifications of the requirements of the operation: 

The dimensions and tolerances to be maintained. 

The geometrical relationships of the affected surfaces. 

The surface finish required. 

The physical condition to be imparted to the material. 

c. The placement of the inspection function within the process. 

4. A description of the equipment and how it is to be used 
specifying: 

a. The size, type, and kind of machine. 

b. Necessary machine attachments and accessories. 

c. The location of equipment if already on hand. 

d. Instructions for setup of the equipment, the speeds and 
feeds to be used, the number of parts to be worked on at one time, 
etc. 

e. Standard and special cutting tools, holding devices, jigs, 
fixtures, dies, and gages, designating: 

The quantity of each item of equipment required. 

The clamping means. 

The locating devices. 



PRJNCIPLES APPLICABLE TO PLANNING 


251 


Identification numbers of special tools; file numbers for 
storage of tools. 

5. The performance requirements of each operation, in the form 
of: 

a. The estimated or standard time to operate on each piece. 

b. The amount of production expected in a certain length of 

time. 

c. The capacity of the equipment. 

SUMMARY 

Process and tool planning is an important step in carrying out 
the policies and plans of management. If tooling is to be economical 
and effective, it must be based upon good planning, done in accord¬ 
ance with recognized principles of manufacturing. These principles 
have to do with: 

1. The necessity of expressing objectives. 

2. The division and specialization of labor. 

3. Interchangeable manufacture. 

4. The use of machines and tools. 

5. The handling of material. 

6. The control of quality. 

7. The economics of machines and tools. 

A process and tool plan should be built on these principles and 
account for them in its framework by: 

1. Identifying its purpose. 

2. Specifying the extent to which effort is divided. 

3. Designating the methods, machines, and tools to be used, how 
they fit into the general plant layout, and their features to insure 
quality. 

4. Stating the results expected of the process. 

Conventional ways of doing this and an outline of planning pro¬ 
cedure are contained in the next chapter. 

QUESTIONS 

1. Describe four stages of industrial planning. 

2. What benefits may be derived from good industrial planning? 

3. What is necessary for a successful tooling program? Why? 
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4. Specify the principles of manufacturing relevant to planning. 

6. Why must a process be definitely identified in the plan made for it? 
How is that done? 

6. What are the advantages of division of labor? 

7. How does a process plan specify the specialization and division of 
labor expected? 

8. What is meant by interchangeable manufacture? 

9. What are the benefits of interchangeable manufacture? 

10. What provisions of a process and tool plan are necessary to insure 
interchangeability? 

11. How are advantages derived from tools? 

12. What attention must be given in a process and tool plan to tlie fea¬ 
tures of machines and tools? 

13. How is economy of material handling promoted? 

14. In what ways can a process and tool plan contribute to economical 
material handling? 

15. What benefits offset the cost of quality control? 

16. In what two ways may accurate results be secured in production? 

17. What precautions must be taken in planning to assure justification 
of the investment in tools and equipmen ? 

18. What general information should a process and tool plan have to 
assure conformance to the principles of manufacturing? 
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WAYS OF EXPRESSING PROCESS AND TOOL PLANS 

Conditions affecting extent to which plant are manifested 

There are numerous practical ways of transmitting and recording 
process and tool plans. In primitive organizations, the plans may 
be carried in the minds of the shop supervisors and their assistants 
with instructions to carry out these plans given orally as needed. 
In many organizations, precedent and convention dictate a large 
measure of process procedure, and planning records are supple¬ 
mentary and sketchy. If the workmen in a plant are highly skilled 
and capable, detailed instructions may be superfluous and many of 
the process ramifications may be entrusted to their judgment. On 
the other hand, directions may have to be detailed and explicit where 
innate ability is lacking. A continuous long range project does not 
need as complete records as does one discontinued and then re¬ 
peated at intervals and likely to be forgotten. These and similar 
circumstances determine the extent to which process plans are 
actually expressed on paper in various plants. 

In application, the actual mode of expression varies all the way 
from the purely oral to highly refined systems of recording data. 
The fact that in some plants certain parts of the process plans are 
not recorded does not mean that plans do not exist. They must be 
present in some form or other, perfected or defective, wherever 
manufacturing is carried on in accordance with established prin¬ 
ciples. Under whatever circumstances, it is essential that the en¬ 
gineer be able to perceive the tenor of planning and utilize it for 
effective preparation for production. 

Routing and tool order forms 

A major record of process and tool planning is the routing, also 
known as route sheet, process sheet, planning operation sheet, or 
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by some similar name. Its purpose, in brief, is to describe what is 
to be done in the process. These sheets are found in many forms. 
Figure 95 shows one type of route sheet. In its heading and sub¬ 
title it identifies the part and in its body contains a list of the opera- 



Fig. 95. One form of route sheet. (Courtesy Catcirpillar Tractor Co., 

Peoria.) 
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tions, numbered in sequence. Each operation is briefly described 
and at the end of the description a symbol identifies the jig or fixture 
required. The machine and its location are identified for each 
operation by appropriate symbols. Standard time for each opera¬ 
tion is also specified. 

A common supplement to the route sheet is the tool order. 
Figure 96 shows a typical form, specifically the order for the milling 
fixture for the first operation of the route sheet of Fig. 95. The order 
identifies the project and operation and specifies the machine on 
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Fig. 96. A typical tool order. (Courtesy Caterpillar Tractxjr Co., 

Peoria.) 

which the fixture is to be used. A convenient means of designating 
the planned characteristics of a tool is to refer to a corresponding 
design, as is done in the tool order of Fig. 96 in the sentence: “See 
PX48978 mill. fixt. for sim. design.” 

Figure 97 illustrates a more detailed form of routing than that of 
Fig, 96, and represents a type found in some high production indus¬ 
tries and in certain plants where the product, like aircraft engines, 
calls for exceptional accuracy. The description of each operation 
includes a statement of the locating surfaces and specifies the dimen¬ 
sion and the tolerance of each cut. The machine and all tools, 
fixtures, and gages are specifically described. Much uncertainty 
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and misunderstanding can be avoided by specifying physical items 
objectively and explicitly. As an example a description of ^*(1) ad¬ 
justable snap gage for 1.0625 j::ooo dia.^' leaves nothing to the 
imagination. 
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Fig. 97. Another type of routing. 

Operation instruction sheets 

Sometimes it is desirable to give detailed instructions concerning 
the conduct of the various operations in a process. These directions 
would clutter the route sheet and detract from its clarity. To tell 
how to do the work, operation or instruction sheets are written for 
each operation and supplement the routing. They may be called 
just instruction sheets. One type of operation instruction sheet is 
shown in Fig. 98. A sketch high-lighting the particular operation 
is a customary part of these sheets. 
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Details of expression 

The forms that have just been presented are typical of those used 
to express process and tool plans. The forms are not the plans, but 
are convenient “tools” for expressing the plans. In Chap. 7 an out- 




Fig. 98. An operation or instmetion sheet. (From Owen, Introduce 
iion to Tool Engineering^ p. 60 , Prentice-Hall, 194^) 
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line is given of the contents of a process and tool plan to satisfy the 
principles of manufacturing. That outline should be compared point 
by point with the forms, as it is the basis on which forms to meet any 
specific system can be designed. 

The first group of items comprising a plan are those to identify 
the process. Some of these items are applicable only to certain 
situations, like the item for code numbers. Others are essential 
for all plans and include: 

1. The name and number of the part to be produced, which ap¬ 
pears on all the forms. 

2. The quantity or lot size, indicated on the routing forms. In 
the case of the production and machine tool routing, this informa¬ 
tion is brought out by the model number specified; the model is 
subject to a definite production program. 

3. The material specifications, shown on the two routings and the 
operation instruction sheet. 

4. The model or assembly number, indicated on all but the 
instruction sheet. Reference can be made to the routings that 
accompany instruction sheets for this information. 

5. The date on which the project becomes effective shown on all 
but the instruction sheet. When a plan is superseded, that informa¬ 
tion may be added to the routings. 

The second group of items in the process and tool plan deal with 
the division of labor. These items are associated with the routing 
forms and appear there in the listing of operations. Consecutive 
operations may be numbered in single digits (1, 2, 3, 4, . . .) or in 
multiple digits (10, 20, 30, 40, . . .). The latter have an advantage, 
because operations can be inserted later and given in between num¬ 
bers without it being necessary to renumber the entire series. An 
operation added between the second and third would have to be 
2a, 2b, etc., as an alternative to changing all the numbers if single 
digits were used. This insertion could be numbered 25, leaving room 
on both sides for still other additions, if multiple digits were used. 

The third group of items for a process and tool plan includes those 
related to the principles of interchangeable manufacture and control 
of quality. The extent to which the use of these principles is neces¬ 
sary varies with specific conditions. Productipn in which dimen- 
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sional accuracy is of little concern may need scant reference to these 
points. Locating surfaces are specified in the production and ma¬ 
chine tool routing of Fig. 97 but are not mentioned in the planning- 
operation sheet of Fig. 95. Nominal dimensions are mentioned for 
some operations of Fig. 95, but tolerances as well as dimensions are 
specified in Fig. 97. In general, it is considered good practice to 
state specifications accurately to avoid any possible misunderstand¬ 
ing, although brevity should be sought where it does not compromise 
clarity. 

The fourth group of items describing the equipment and its use 
normally receive attention on all planning forms. Here again exact 
statements are preferable. In the cases of machines and special 
tools, their numbers may be sufficient, The last item of this group, 
the instructions for setup, etc., consists of details appropriate for 
instruction sheets. 

The performance requirements (represented by standard times 
and machine capacities) are usually entered on the routings by the 
standards or time study department. They may be estimated before 
production begins or determined later by actual studies. 

Use of planning information 

Planning records provide a medium for disseminating information 
throughout a manufacturing organization so that all may work in 
harmony. To illustrate this. Fig. 99 lists the main divisions of a 
process plan, which commonly are recorded and shows where each 
point of information is applicable within the organization. 

The need of certain information for some functions is obvious, 
for others more obscure. For instance, consider the size, type, and 
kind of machine. The tool and gage designing department is con¬ 
cerned, since its designs must fit specific machines. Machine tools 
and equipment may have to be purchased, and exact information is 
necessary for intelligent procurement. The tool tryout department 
needs the information to be able to prove the tools on the proper 
machine; plant layout to be able to arrange the machines properly; 
plant engineering to be able to provide services at the right stations; 
scheduling and dispatching to be able to allot suitable machines to 
the job; and production supervision to be able to know what facilities 
to use to be able to take advantage of the preparation. 
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Fig. 99. Uses for information contained in production plan 
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FORMATION OF PROCESS AND TOOL PLANS 

Qualilications 

Process and tool planning involves the solution of a series of 
problems wherein a profitable compromise is sought from among a 
number of advantageous or detrimental factors to approach the most 
efficient method. Basic principles dictate the desirable general pro¬ 
cedure, but the exigencies of each case make it a distinct problem in 
itself to which individual judgment and reasoning must be applied. 
Although a general outline can be given of the steps by which a plan 
is formed, it must be understood that very few specific applications 
will involve all the considerations which are possible. Some jobs 
are complex and have many ramifications; others are comparatively 
simple and have obvious solutions. Also many considerations aie 
interconnected and cannot be resolved simply by themselves. An 
understanding of the logic of planning, however, is helpful in analyz¬ 
ing any process, although all plans ultimately must be fashioned in 
accordance with individual requirements. 

Much of the credit for developing an analytical approach to 
process planning is due to Mr. L. C. Lander, Head of the Depart¬ 
ment of Industrial Engineering of the General Motors Institute. 

An outline of procedure 

The following is a general outline of the steps of process and tool 
planning: 

1. Determine the requirements and conditions of the process. 

a. Ascertain what is to be done. 

b. Investigate and clarify obscure requirements and short¬ 
comings in specifications. 

c. Study design of product for possible improvements. 

d. Determine form, size, and shape of raw material. 

e. Ascertain quantity to be made. 

f. Determine the most exacting requirements. 

2. Determine the operations of the process. 

a. Classify requirements according to typical processes or 
procedures. 

b. Regroup requirements according to speciklties. 

c. Select suitable machines to combine similar activities into 
operations. 
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3. Determine the proper sequence of operations. 

a. Establish end points of process. 

b. Place operations according to their characteristics. 

4. Determine how the part is to be located and held in each 
operation. 

a. Find the best locating spots on the part. 

b. Determine the clamping surfaces and forces. 

c. Choose suitable locators. 

d. Select clamping devices to satisfy conditions. 

5. Determine how to keep errors within required limits with the 
least expense. 

a. Specify features of machines and tools for required perform¬ 
ance. 

b. Estimate whether each operation as planned is capable of 
producing required results. 

c. Check effect of operations on each other, stock allowances, 
and accumulations of errors to make sure that the combined opera¬ 
tions will, in the end, produce good parts. 

6. Make provisions for measuring and gaging the results obtained. 

a. Specify equipment consistent with the degree of accuracy 

required. 

The remaining chapters of this text will explain and elaborate 
on these steps of proi^ess and tool planning. It is suggested that, 
as each topic is taken up, reference be made to this outline to identify 
the place of the topic in the general scheme. 

SUMMARY 

The ways of expressing process and tool plans range from the 
purely oral to highly refined systems of recording data. Common 
forms used are route sheets, tool orders, and operation sheets. In 
general, a routing tells what is to be done, a tool order specifies the 
features of a tool to conform to the plan of the routing, and an opera¬ 
tion instruction sheet is an adjunct to a routing, telling how an opera¬ 
tion is to be done. Altogether, the forms used in any case should 
reflect the process and tool plan intended as far as the circumstances 
warrant. 

Planning forms are media for transmitting the plans of production 
throughout an organization to harmonize the activities of all who 
contribute to the production effort. 
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The fonnation of a process and tool plan involves a series of 
steps. The first is to determine what must be done. Succeeding 
steps ascertain how the job can be done most efficiently through 
division of labor, use of the principles of interchangeable manufac¬ 
ture, use of tools, and control of quality. In the last step the provi¬ 
sions for measuring the results are considered. 

QUESTIONS 

1. What considerations dictate the extent to winch process and tool 
plans are manifested? 

2. Describe a routing or route sheet. 

3. Describe a tool order. 

4 . Describe an operation or instruction sheet. 

6. What specific items of a process and tool plan as listed in Cliap. 7 
are included in each of the following typical forms: (a) the planning operation 
sheet of Fig. 95, (b) the tool order of Fig. 96, (c) the production and machine 
tool routing of Fig. 97, (d) the operation instruction sheet of Fig. 98. 

6. Design a route sheet form for a shop producing special tools and 
machinery. 

7 . Design route sheet, tool order, and operation sheet forms for an 
aircraft plant producing in fairly large quantities. It is desirable to plan 
for skills of as low an order as feasible in production. 

8. The chart of Fig. 99 shows where the principal points of information 
in production plans are used in a typical organization. Tell why each of 
the following items is useful in the departments checked for it: (a) operation 
and department identification, (b) instructions for setup and conduct of 
individual operations, (c) locating and clamping points, (d) specifications of 
requirements of each operation, (e) size, type, and kind of machine for each 
operation, (f) machine attachments and accessories, (g) standard tools, 
gages, and holding devices, (h) special jigs, fixtures, cutting tools, dies, and 
gages. 

9 . List the principal steps in the formation of a process and tool plan. 

10 . What does a determination of the requirements and conditions of a 
process involve? 




Fig. 100. A jig-boring machine for lociating holes accurately. The table is 
carried on a saddle, which is mounted on the base. The inset shows a cut-away 
view of the top of the table and saddle on the base. The table is moved longi¬ 
tudinally and transversely by screws, through manipulation of the two hand- 
wheels, but is positioned by means of the ten-thousandth dial indicators and 
measuring instruments or length gages. These instruments are stored conve¬ 
niently in the box mountiid at th(i right rear of the machine. 

The important principle of this machine is that it does not depend upon the 
leadscrews for setting, as they inevitably contain inherent errors and deteriorate 
fiom wear, nor upon other machine members that must necessarily deflect, under 
load, but derives its accuracy from the precision measuring instruments of simple 
form, which are not subjected to appreciable stresses and wear. The indicators, 
in effect, stjrve as light spring balaiux^is to assure that the loading upon the instru¬ 
ments is constant for all settings and that uniform conditions are adhered to in 
changing from one setting t(^ another. (Courtesy of Pratt and Whitney Div., 
^iles Bement Pond Co., West Hartford, Conn.) 
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WHY DIMENSIONS AND TOLERANCES AllE IMPORTANT 
TO TOOL ENGINEERING 

The importance of dimensions 

Faulty dimensioning is one of the chief causes of manufacturing 
difficulties. This is especially evident in the initial stages of pro¬ 
duction, but even over long periods dimensional deficiencies may be 
so serious as to hinder production efforts almost interminably. Di¬ 
mensions provide the foundation for interchangeable manufacture; 
they prescribe the physical requirements that must be fulfilled in 
production if functional utility of a product is to be realized. If 
requirements are not precisely described, they cannot be fulfilled, 
and the system inevitably fails. From product design, through 
production planning, to the last step of manufactufc, dimensions 
are the criteria by which successful achievement can be judged. 

For manufacture, the component parts of a mechanism are usu¬ 
ally depicted by dimensioned drawings, prepared by the product 
engineering division of an organization. A competent tool engineer, 
however, must be able to appraise the adequacy of the dimensioning 
by which his efforts are directed and know whether the information 
furnished him is sufficient. He cannot hope to perform efficiently 
if handicapped by unnecessarily difficult requirements, and his efforts 
are futile if directed to providing means for producing parts, no mat¬ 
ter how skillfully, if the specifications for those parts are misleading. 
In turn, the specifications that he prepares, like routings and tool 
designs, must be based upon the rules of dimensioning if they are 
to be successful. 

The penalties of improper dimensioning 

Drawings may be made without adequate regard for manufactur¬ 
ing requirements and limitations. Many such drawings depict ideal- 
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ized components that can never be realized in physical form. Dimen¬ 
sions and some limits may be given, but too often drawings fail to 
specify completely the necessary conditions for interchangeability 
and proper functioning. 

A flagrant example of the difficulties ensuing from inadequate 
dimensioning was uncovered at the time of the urgent expansion of 
gun-manufacturing facilities during the Second World War. An old 
and well established firm manufacturing small arms was called upon 
to increase its output substantially. New machines and personnel 
were added to the plant. They began to make parts in accordance 
with the component drawings on file. Then it was discovered that 
the parts made to the drawings would not fit together, and even 
those that would go together would not function. The plant had 
been making arms successfully for many years, and an investigation 
naturally was conducted to ascertain why the production of guns 
should be suddenly stalemated. All parts were found conforming 
to specifications, so obviously the specifications were at fault. Then 
it was discovered that the inadequate dimensioning had never really 
been taken seriously. When guns were made in small quantities, 
the craftsmen employed had devised means, under less pressing 
circumstances, of overcoming the deficiencies. All over the plant 
individuals, whose fathers and grandfathers had preceded them in 
similar capacities, had sample pieces that were used as masters to 
which to form new pieces. When newcomers tried to duplicate the 
results, with only the guidance of the faulty drawings, their efforts 
were fruitless. 

Although the foregoing may appear to be exceptional, it actually 
only illustrates to a marked degree the difficulties and disorders 
which are common in many industrial projects. Shortcomings in 
dimensional specifications are far from uncommon and really become 
evident when components reach assembly and test floors. Then, 
it may be found that some parts will not assemble without altera¬ 
tions; vital surfaces may be outside limits necessary to avoid binding 
and freezing; other surfaces within limits fit too loosely. A few 
assemblies may be completed, but their mortality under test is ex¬ 
cessive. Of course, this condition must be corrected, and usually is 
to some extent, but not without backtracking, changing, and exces¬ 
sive* expense, which could have been avoided in the first place with 
competent dimensional planning. 
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Elementary considerations 

Dimensions describe physical requirements that are based upon 
functional needs and manufacturing practicalities. An essential part 
of any dimension is its tolerance. Thus one of the first demands of 
adequate dimensioning is that tolerances be set properly and shown 
clearly. For that purpose we shall consider: 

1. Ways of writing tolerances. There are a number of ways of 
expressing tolerances. Each has advantages under certain condi¬ 
tions. 

2. Factors governing the selection of tolerances. Economy in 
manufacture is possible because small tolerantjos are not necessary 
for most dimensions. It is as important to recognize dimensions 
that do not need restraint, as it is to be able to apply the proper 
tolerances when they must be close. 

Through any medium, it is difficult to convey an idea from one 
person’s mind to another without the one receiving the information 
interpreting it in accordance with his own impressions and convic¬ 
tions. In the case of language, rules have been evolved to promote 
clarity and precision of expression. Also, for dimensions, experience 
has shown that the observance of certain principles is necessary if 
confusion is to be avoided. Among these are: 

1. A point should be located by only one dimension in a straight 
line. 

2. Points, lines, or planes should be dimensioned directly to 
others with which they have a specific relationship. 

3. A part must be dimensioned in three co-ordinate directions, 
and the dimensions given must correspond to functional require¬ 
ments. 

4. The initial or leading figure of a dimension should be the exact 
amount it would be desirable to have if it were possible to work with¬ 
out tolerance. 

5. No more than one dimension should be given between any two 
points. 

These rules will be explained in the second part of this chapter. 

In some respects, dimensioning of tool drawings may differ from 
practice for production parts. The reasons for that will be pointed 
out. 
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WAYS OF WRITING TOLERANCES 

Definitionf 

As a basis for discussion of this subject, the meanings of the fol¬ 
lowing terms are important. 

Tolerance is the unavoidable variation permitted in a dimension 
for economical production. 

Allowance is the intentional least difference between the corre¬ 
sponding dimensions of two mating parts. It is the least clearance 
or most interference between mating surfaces. 

Bomc size is the theoretical or nominal standard size from which 
variations are made. 

Limits are the extreme permissible values of a dimension or group 
of dimensions. 

Standard size refers to a recognized or accepted size correspond¬ 
ing to subdivisions of a recognized unit of length. The common 
fractions of an inch are called standard sizes. 

BiUttral tolerances 

The bilateral form of tolerance states a dimension with a permis¬ 
sible variation in both directions. A typical bilateral tolerance is 
1.000 ± 0.001 in. The plus and minus values are not always equal; 
that is, the specified size is not always the mean size. For example, 

a dimension may appear as 1.0000 0005 

The bilateral form is the oldest and is widely used, no doubt in 
a large part because of custom. Advocates of the form have claimed 
that it favors the production of a dimension on the average closer 
to the specified or ideal size. In other words, it designates a figure 
at which the workman is supposed to aim. This presupposes that 
the mechanic is working to a size that he measures and not, as is 
usually the case in production, to a range that he gages without 
ascertaining the exact value obtained. Also, such a goal has little 
or no advantage if the specified dimension is not the most desirable 
within the tolerance. In the case of a shaft, the maximum metal 
size, which leaves the most material on the part, may be the most 
desirable. In that case, a bilateral tolerance offers no advantage. 
On the other hand, a series of parts in an assembly may be subjected 
to the least stack-up and displacement if their respective dimensions 
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are at their mean values. For that purpose bilateral tolerances 
may be advantageous. 

An objection sometimes made to the use of bilateral tolerances 
for diametral dimensions is that they do not promote the most effi¬ 
cient use of plug gages for standard hole sizes. As an illustration, 
a 1.000-in. diameter hole requires a different set of go and no-go plug 
gages for every different set of bilateral tolerances. This situation 
may be relieved if one limit is fixed, however. 

Unilateral tolerances 

If the tolerance of a dimension is applied all in one direction, it 
is a unilateral tolerance. The stated dimension is then spoken of 
as the limiting size, as well as the basic size. In this form, a dimen- 

sion might be specified as l.OOO Jlo 000 ^ evident characteristic 

is that a unilateral tolerance definitely specifies a dimension beyond 
which deviation is not tolerated in one direction and prescribes a 
working zone in the other direction. If the specified limiting dimen¬ 
sion is a standard size, then it can be checked readily with reliable 
commercial standard gages. Furthermore, if a change in tolerance 
on the working side of the standard size is found necessary, only one 
gage needs to be changed. This is worth consideration where fixed 
size plug or ring gages are employed. 

Limiting dimensions 

In quantity production, usually each operation is completely 
tooled and supplied with gages. The part drawings seldom reach 
the machine and inspection floors, but rather serve to guide the tool 
engineers who plan and design the tools and gages. Most tools and 
gages, under such circumstances, are selected or made to conform to 
the limits that must be maintained. To suit those purposes, limiting 
dimensions are advantageous. Typical of that form is the dimension 
1.002 - 1 . 000 .* 

Suitability of tolerance forms 

Each tolerance form has certain appropriate usages in accordance 
with its advantages. Widely accepted practice makes use of all 
forms to reflect specific conditions. These are: 
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1. Conditions of the design. Most dimensions do not require 

close confinement and can be quite adequately expressed by common 
fractions or decimals to one or two places without individual toler¬ 
ances. For such designations, standard practice regulations within 
the organization or a printed note on the drawing form may specify 
a nominal tolerance, bilaterally, of zfcO.OlO in., or ±0.020 in. 

for machined surfaces. For castings, a tolerance of ±^6 or some 
other suitable amount may be specified. 

Limiting dimensions are sometimes used to highlight the most 
exacting dimensions of a part. Thus, a drawing may show the 
dimensions that do not require close confinement with bilateral or 
unilateral tolerances, but close dimensions by their limiting figures. 

One thought is to employ tolerance forms to indicate desirable 
tendencies; thus, dimensions from which deviation in either direc¬ 
tion is equally dangerous (or to look at it from the other point of 
view, dimensions for which deviation in either direction is unim¬ 
portant) may have such circumstances evinced by bilateral tolerances. 
The locations of hole centers and of the components of welded as¬ 
semblies are frequently dimensioned on that basis. On the other 
hand, deviation in one direction from a standard dimension, but not 
in the other, may be permissible, and that situation is pointed out by 
unilateral tolerances, most suitable for diametral dimensions. 

2. Characteristics of the particular operation or process by which 

TABLE 6 
Tolbbances 
Size of Hole 

m (0.0135)—#13 (0.185) inclusive 
H (.1875)—D (0,245) inclusive. .. 

yi (.250)—3.4 (.750) inclusive. 

(.7656)—1 (1.000) inclusive... 

(1.0156)—2 (2.000) inclusive.. 

Uncontrolled holes for lightening, bolt clearances, and 
oil passages, etc., may have a tolerance of ±0.010. 

Holes for drive fit pins must be held to ±0.001. 


Tolerance 

±0.003 

- 0.002 

±0.004 

- 0.002 

±0.005 

- 0.002 

±0.007 

- 0.002 

±0.010 

-0.003 
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the dimension is to be 'produced. For example, drills almost always 
produce a hole diameter larger than nominal, and a heavier tolerance 
is desirable on the positive side. Table 6 shows practice for drilled 
holes followed in a large engine plant. The tolerances shown in the 
table are applicable to drilled holes of controlled sizes, such as cotter 
pin, oil metering, jet, rivet, and tap holes. 

In contrast, punched holes have a tendency to become smaller 
as the punch wears, and common practice is to specify the hole 
diameters with a unilateral tolerance in the negaiive direction. A 
drav^dng on which several tolerance forms are used concomitantly 
where applicable is that of Fig. 136. 

Standard hole and standard shaft practices 

Up to this point tolerances have been treated as means of expres¬ 
sion, but they may also serve as the media for systems of designing 
and planning. Unilateral tolerances have been associated in many 
minds with routines of keeping constant an extreme size of one mem¬ 
ber of a pair. This concept is carried out in two systems known as 
standard hole practice and standard shaft praciix^. A longer name 
for standard hole practice is ^^uniform minimum hole system. 

Holes in soft materials are commonly finished by reaming. 
Reamers are available commercially in standard fixed sizes and pro¬ 
duce holes of a slightly larger dimension. It is also common practice 
to gage holes with fixed plugs. In contrast, external surfaces, like 
on shafts, are usually turned or ground, so that adjustments to suit 
variations are easy, and can be checked readily with adjustable snap 
gages. To take advantage of these circumstances, standard hole 
practice places the lower limit of the internal surface, the hole, at 
the basic size of the fit. Tolerance for the hole is applied in a posi¬ 
tive direction. Allowance is provided by varying the upper limit 
of the shaft, from which tolerance is extended in a negative direction. 

Figure 101 illustrates the application of standard hole practice 
to two different cases, each of 1-in. nominal size. In both instances, 
the minimum size of the hole is 1.000-in. Since the allowances are 
not alike, the maximum or specified sizes of the shafts are different. 

Standard hole practice allows the use of a single set of reamers 
or comparable tools and a single set of ^^go'^ plug ^ages for all fits of 
a nominal size. If tolerances must be changed, after production has 
started, only the *‘no-go” gages need be replaced. Furthermore, a 
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standard reamer cuts near the small size of the hole, leaving the most 
material for wear in service. 

Sometimes the advantages of a standard hole practice are more 
than offset by other circumstances. An example is a shaft on wliich 
several external members must be assembled, each with a different 
fit. It is more economical in some instances to use a standard shaft 
and vary the sizes of the holes as required, rather than machine a 
number of diameters on a shaft. Especially is this true if the holes 
are ground to size. Standard shafting is made to a basic; size with 



Fig. 101. (A) A ruiuiiiig fit. The 1-iii. nominal size is dimensioned 

according to standard hole practice. The hole and shaft each have a 
tolerance of 0.001 in., and the allowance is 0.001 in. (B) A loose fit. 
The 1-in. nominal size is dimensioned according to standard hole prac¬ 
tice. The hole and shaft each have a tolerance of 0.003 in. and the 
allowance is 0.003 in. 


a negative tolerance. Thus, the maximum or specified size of the 
shaft is placed at the basic size in standard shaft practice. For this 

practice, the shaft of Fig. lOlA would be dimensioned 1.000 in. 

and the hole 1.001 in. 

Maximum hole practice 

Some years ago an investigation was made in various plants of 
the General Motors Corporation^ to determine how much a reamer 
would actually cut over its own size in such materials as cast iron, 
steel, bronze, and aluminum. About 3500 holes up to IJ/^-in. diam¬ 
eter were measured with carefully fitted expanding plug gages. 

1 General Motors Standards, Vol. Ill, pages B~3, 4, 5. Detroit, Mich.: The 
General Motors Corp., 1930. <. 
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All reamers were measured at the same time. It was found that 
under normal conditions the large majority of reamers cut less than 
0.0007 in. larger than their own diameter, regardless of size or ma¬ 
terial. 

On the basis of the findings for reamers a maximum hole prac¬ 
tice was proposed for which the large size of any hole was set at 
0.0005 in. above basic. The minimum size of holes for six classes 
of tolerances were fixed in steps below the maximum, in the direction 
of reamer wear, as shown in Fig. 102. 


CLASS 

6 

5 

4 

3 

2 

1 

TOLERANCE 

0005 

0010 

.oots 

.0020 

.0030 

0040 



For maximum hole practice, the same no-go plug gage can be 
used for all classes of holes of one nominal size. As reamers wear, 
they can be transferred from one class to another. 

THE SELECTION OF TOLERANCE 

Service needs versus practical limitations 

Fortunately the large majority of dimensions manufactured serve 
quite well with liberal tolerances. Normally, only a comparatively 
few dimensions in any assembly serve in functional fits, a circum¬ 
stance that makes quantity production possible at low cost. The 
close dimensions are naturally those which must receive the most 
attention. If assurance is to be had that a dimension will be manu¬ 
factured within limits suitable for functional needs, two considera¬ 
tions must be taken into account in finding the tolerance for it. 
They are: 
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1. The service needs of the part or article concerned. 

2. The feasibility of producing the tolerance at a reasonable cost. 

To illustrate these two considerations, their bearing upon two 
typical cases will now be considered. 

Tolerance for runnins fit 

For a running fit of a shaft in a bearing, there is a minimum 
clearance, the allowance, which provides room for lubrication and 
differences in thermal expansion of the pieces. This is dependent 
upon the type of lubrication and conditions of service. For the same 
fit, there is likewise a maximum clearance beyond which satisfac¬ 
tory alignment and stability are lost. If mating parts are made 
with maximum clearance, as soon as wear takes place the limit of 
satisfactory performance is exceeded. Consequently, the manu¬ 
factured clearance of any set of parts must be somewhat less than 
the maximum clearance permissible for satisfactory functional per¬ 
formance. 

Small tolerances insure close initial fits for mating parts, but 
necessitate high manufacturing costs. More liberal tolerances mean 
that some of the assemblies will probably be short-lived, but that 
fabrication costs will be lower. Theoretically, the most economical 
condition ensues fron\ one set of tolerances providing the lowest 
average unit cost per hour of service. In practice, competitive 
conditions may dictate a unit cost above the minimum for the sake 
of a lower initial cost. On the other hand, for a quality product the 
convenience to the purchaser of long and carefree service may justify 
a higher initial cost. 

A designer usually has the choice of a number of processes or 
types of operations for producing a pair of mating dimensions for a 
running fit. He must have at least an understanding of the toler¬ 
ance available from each and its cost. The solution of the problem of 
finding the most suitable tolerances for the dimensions consists of 
determining the necessary allowance and maximum clearance, elim¬ 
inating the prospective operations that apparently cannot meet the 
requirements, and comparing the remainder to ascertain the most 
propitious from the standpoint of ability to render the desired eco¬ 
nomic service. The tolerances assigned to the. mating dimensions 
must conform to the limits to which the selected operations are 
expected to produce. 
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Tolerance for press fit 

For any press fit there is an allowance offering the least amount 
of metal interference necessary to hold the mating parts together. 
Beyond that, there is a degree of interference that introduces maxi- 
mum initial stresses into the material. Greater interference may be 
expected to cause failure. The range between the maximum and 
minimum interferences represents the sum of the combined toler¬ 
ances of the mating parts. For the design to be successful, these 
tolerances must be realizable by operations within the economic 
range of the product. 

Selective assembly 

Where functional requirements impose close restrictions upon 
tolerances, an adjunct of interchangeable manufacture, called selec¬ 
tive assembly, may be employed to reduce costs. By this system, 
a dimension that must be held very closely is given a wider variation 
for purposes of fabrication. The pieces are then segregated into 
groups according to the size of the dimension so that each group 
contains parts with the dimension within a range conforming to the 
variation permitted. The same procedure is followed with the mat¬ 
ing parts which are added to form a unit. The only dimensions in 
the unit assembly requiring complete interchangeability are those 
by which the assembly comes into contact with still other parts. 
These external dimensions of the assembly usually need not be con- 


0010 —I 



Fig. 103. Dimensioning for selective assembly. (From Spotts, De¬ 
sign of Machine Elements, p. 322, Prentice-Hall, 1948.) 

fined as closely as those matched by selective assembly but even if 
they must, the number of surfaces involved is less tlian if all critical 
dimensions of the unit assembly were made interchangeable. 

Example 17: The hole and shaft of Fig. 103A have a tolerance of 
0.0003 in. each, which is too close for economical production. Under the 
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system of selective assembly, the parts may be made with a tolerance of 
0.0009 in. each, as depicted in Fig. 103B. The pieces will then be sorted 
into three groups, each with a range of 0.0003 in., as indicated by the bar 
diagram of Fig. 103C. The holes in group h\ are assembled with shafts in 
group /Si; the holes in group with shafts in group and the holes in 
group hz with shafts in group Sz> Obviously, selective assembly is a sys¬ 
tematic process and not just trial and error. 

Application of selective assembly 

Ball bearings are manufactured by selective assembly. The 
variations in sizes of the inner race, balls, and outer race that make 
the difference between a snug and loose bearing ai*e very small, of 
the order of one ten-thousandth of an inch. To reduce their cost, 
these components are manufactured more leniently and graded into 
groups. The bearings are assembled from comparable groups. Only 
the inside and outside diameters of each bearing need be finished to 
interchangeable dimensions. An incidental advantage of this sys¬ 
tem is that the manufacturer is able to arrange bearings suitable for 
various purposes by combining components from different groups. 
By that means three desirable classes are derived: a free running 
and loose bearing, a snug but free bearing, and a preloaded bearing 
for close constraint of a shaft or spindle. 

Standard fits 

Although there is an infinite number of possible different fits, 
experience has proven that relatively few classes and grades suffice 
for most applications. Workable classifications have been made 
to suit the needs of various industries and individual plants. For 
general purposes, the American Standards Association® has standard¬ 
ized fits into eight classes. That standard is summarized in Fig. 104. 
Detailed working tables of the tolerances and allowances for common 
dimensions are available in standard bulletins and handbooks. 

As Fig. 104 shows, Class 1 gives the loosest fit with the‘most 
tolerances and is used where accuracy is not essential, for such prod¬ 
ucts as agricultural and mining machinery. The. liberal allowances 
and tolerances of Class 2 provide freedom where speeds or pressures 
in service are high. Class 3 is intended for comparatively low speeds 
and pressures, for sliding fits and the more accurate machine tool 

* Tentative American Standard Tolerances^ Allowances^ and Gages jfor Metal 
Fits New York: American Standards Association. 
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and automotive fits. Class 4 is a snug fit and requires considerable 
precision. Selective assembly is usually required for Class 5, called 
a wringing fit. Class 6 is a tight fit for more or less permanent 
assemblies, such as the fixed ends of studs for gears and pulleys. 
Considerable pressure is required to assemble parts for Class 7, 
called a medium-force fit. This is the tightest fit for holes in cast 
iron and is used for such parts as locomotive and car wheels, dynamo 
and motor armatures, and crank discs. Class 8 is a heavy force or 
shrink fit for steel holes. 
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Fig. 104. A.S.A.-B4a-1925, classification of cylindrical fits. (From 

Spoils, Design of Machine Elements, p. 330, Prentice-Hall, 1948.) 


Classes 1 to 4 are clearance fits; Classes 7 and 8 are interference 
fits; but Classes 5 and 6 may give either clearance or interference if 
randomly assembled and are called transitional fits. The particular 
(*lass of fit for any one application must be selected on the basis of 
the requirements of the case. Then from the formulas of Fig. 104 
or from handbook tables, the proper allowance and tolerance can be 
selected for the diameter desired. 

THE RULES OF DIMENSIONING 

A point should be loeeted by only one dimension in any one line 

The first rule states in effect that a point, line, 6^ surface can be 
held in production in relation to only one other point, line, or surface. 
This condition results from the nature of repetitive manufacture. 
The actions of tools are preset and fixed. A single tool for a surface 
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may be set in relation to a locating or registering surface or in rela-^ 
tion to another tool producing another surface in the same operation. 
A tool cannot be set successfully to two surfaces. 

Figure 105-1 shows a step block dimensioned in violation of the 
first rule. If A is the initial reference surface, then the dimensions 
prescribe that every other step (B, C, and D) must be finished in 
relation to two surfaces. For instance, surface B must be made to 
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a dimension of 1.000 db 0.001 in. from A and also to the same dimen¬ 
sion from C, since C is fixed in relation to A through D. Views II 
through V of Fig. 105 show how the part may be dimensioned to 
agree with the first rule. The arrangement desirable for any specific 
case depends upon functional requirements. The dimensions desig¬ 
nated as a, 6, c, and d would be omitted from the actual drawing in 
each instance. The distances which a, 6, c, and d represent will 
vary by ±0.003 in. Thus, in Fig. 105-11, surf^e B is machined 
to the 1.000 ± 0.001 dimension from C alone and is not held directly 
to A, Although B can be expected to lie within a distance of 1.000 
± 0.003 in. from A, that occurs as a resultant of the other dimensions 
and is not explicitly specified on a drawing. 



Fig. 106. Various methods of dimensioning tapers. (From Spotts, 
Design of Machine Elements, p. 327, Prentice-Hall, 1948.) 


Taper Dimensions, The first rule has been illustrated by a simple 
case. It applies also to more complex forms, where trouble can be 
expected if attempts are made to apply tolerances to all dimensions. 
A taper is one such profile. In general, a taper can be fully defined 
by dimensions prescribing the amount of taper and the location and 
size of a dianieter on the taper. Two ways of showing these three 
dimensions are shown in Fig. 106A and B. Strictly speaking, no 
tolerance is necessary on the taper or angle of Fig. 106A and B, and 
a compound tolerance is introduced by these tolerances. Wherever 
possible, they should be avoided, but this compound tolerance is 
permissible when the variation in the taper must be held to close 
limits.® 

In Fig. 106C a method of dimensioning a taper is shown in 
direct violation of the first rule. Outside of the fact that it is ex¬ 
tremely difficult to measure directly to the sharp edges, a number of 

* M. F. Spotts, Design of Machine Elements, page 326. New York: Prentice- 
Hall, Inc., 1948. 
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widely variable results can be obtained from the layout. The toler¬ 
ance zone permitted by the three toleranced dimensions is shown in 
Fig. 106D. 

Dimensions should appear between related surfaces 

If two surfaces, A and B, are each dimensioned to a surface C 
so that the tolerance of AC is =ka and the tolerance of BC is ±6, 
the possible variation in the distance AB is the sum of the tolerances 
or =fc(a + fc). This is shown in Fig. 107. With this arrangement, a 
dimension may not be added between surfaces A and B for that 
would violate the first rule. This simple example illustrates the 
fact that two surfaces, which are not tied together directly by a 



TOLERANCE BETWEEN A AND B 
IS ± (o*!. b) 

Fig. 107. An illustration of the second rule of dimensioning. 

dimension with tolerance, may vary in relation to each other by as 
much as the sum of the tolerances of all the dimensions from each 
surface to a common datum surface. Such a complex arrangement 
is not the most logical if a definite connection between the surfaces 
is intended. That is the reason for the secorid rule which states 
that points, lines, or surfaces should be dimensioned directly to 
others with which they have a specific relationship. 

An illustration of tolerance accumulation is given in Fig. 108. 
In the upper sketch, with dimensions between steps with tolerances 
of dbO.005 in., the over-all variation in the length of the part may be 
=1:0.015 in. With the piece dimensioned as it is in the lower figure, 
the variation between each face and the small end is the amount of 
the tolerance, ±0.005, but that between the large end and the faces 
is ±0.010 in. The figures by themselves carry no implications as 
to which form of dimensioning is preferable. That preference is 
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based solely upon the circumstances of each particular application; 
that is, upon whichever form meets functional and productive re¬ 
quirements. 

Practical considerations may sometimes modify the application 
of the second rule. The shaft of Fig. 109 is an example. It is 
desirable that the lightening hole dispose of as much excess material 
as possible, to minimize the weight of the shaft without weakening 



Fig. 108. Accumulation of tolerances. 


the member excessively by creating too thin a section at the shoulder. 
Theoretically, this condition can be controlled directly by dimension¬ 
ing the depth of the hole with a tolerance in the manner shown in 
Fig, 109A, but such a dimension is rather difficult to gage. The 
dimensional arrangement shown in Fig. 109B is more convenient 
but presents the necessity of holding the tolerances of the two dimen¬ 
sions, E and F, closer than that required of D. 



A B 


Fig. 109. (A) Theoretical way of dimensioning bottom of lighten¬ 
ing hole to shoulder to insure adequate but not excessive wall thickness. 
From a practical standpoint the bottom of the hole k rather inacces¬ 
sible from the shoulder. (B) A practical way of dhnbnsioning. Di- 
meneaohs E and F can be gaged Tea<fib^, bat their tolerances together 
must not exceed that of D, 
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A part must be defined in three co-ordinate directions 

The following definitions of terms are relevant to the third rule: 

1. Datum planes are imaginary or real surfaces to which various 
features of a part are related dimensionally. Preferably they should 
be real planes so that actual measurements can be made from them. 
For an obje<?t occupying space, three datum planes are usually 
necessary. 

2. Functional surfaces are those which enter into the operation 
or location of the part in the mechanism. 

3. Clearance mirfaces are those that provide continuity in the 
part, but have no functional characteristics. 

4. Atmospheric surfaces have no contact relationship nor prox¬ 
imity to surfaces of other parts of the mechanism. 



Fig. 110. Tolerance zones for T slide. (From Spotts, Design of 
Machine Elements, p. 325, Prent/ice-Hall, 1948.) 


Figure 110 shows the functional, clearance, and atmospheric 
surfaces, as well as two datum planes each for two T-slide parts. 
The functional surfaces are those that maintain alignment as the 
two parts slide, one past the other. The clearance surfaces on one 
part are adjacent to those on the other part when the two parts are 
put together, but there must be clearance between those surfaces to 
avoid binding. The outside surfaces are the atmospheric ones; 

The center planes of the parts of Fig. 110 are designated as datum 
planes. The manufacture and inspection of a part from such an 
imaginary plane may be very difficult. On the other hand, from 
the standpoint of design, such a datum plane may be advantageous. 
If it is possible to place two dowel holes in the part to mark the 
center plane, the conflict of interests may be resolved. 
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The definition of a part in three co-ordinate directions requires 
more than just placing dimensions in the three directions. It means 
also that the dimensions must appear in the three directions in such 
a way as to define the important features of a part. The second rule 
showed how the relationship between points or surfaces may be 
affected by the methcxi of dimensioning. It did not specify what 
might be desirable relationships. The third rule points out that 
these relationships must be fully covered by dimensions in the way 
that suits the circumstances of each case. 

The origin of critical surfaces. A part of a mechanism must be 
lo(;ated in three co-ordinate directions if it is to perform a predictable 
function. The surfaces from which this location is derived are 
automatically functional in character. The other functional surfaces 
of the part obviously have specific relationships to the locating sur¬ 
faces, and it follows from the second rule that they should be dimen¬ 
sioned directly to the locating surfaces. In other words, the locating 
surfaces are logical datum planes for the other functional surfaces 
of the piece. Furthermore, the tolerances of the functional dimen¬ 
sions must be relatively close to insure the required degree of per¬ 
formance. 

The shaft of Fig. Ill is sketched in its functional position. 
Location is secured from the diameter and adjacent shoulder making 
contact with the double bearings. The other functional surfaces 
include the shoulders against which the contact faces of the bevel 
gears bear, the shoulder against which the hub face of the spur gear 
is pressed, the shoulder locating the single ball bearing, and their 
adjacent cylindrical surfaces. The shoulders are dimensioned in a 
complete drawing from the locating shoulder with comparatively 
close tolerances. The diameters would be dimensioned with toler¬ 
ances, too. The respective cylindrical surfaces are related geometri¬ 
cally, and observance of that relationship is attested by a concentric¬ 
ity note. The diameters take care of two directions, and the length 
dimensions of the third direction. 

Clearance surfaces likewise may be related directly to the locating 
surfaces, to insure that they do not make contact with other parts 
and thus interfere with proper location. Howevei*^ the relationship 
of certain clearance surfaces with functional surfaces other than the 
locators may be more pertinent; and it may be desirable, and usually 
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is permissible, to dimension the clearance surfaces to suit, with 
provision for indirect dimensional connection between clearance and 
locating surfaces. 

Typical of the clearance surfaces of Fig. Ill are the Woodruff 
keyways. It is only important for their position that they do not 
come too close to the shoulders and that they fall within the ends of 
the shaft. For that reason, they are dimensioned to the adjacent 
shoulders, which are functional but not datum surfaces. The same 
can be said of other clearance surfaces on the part. 



ALL DIAMETERS MARKED **0** MUST BE CONCENTRIC AND EACH 
MUST BE SQUARE WITH ITS ADJACENT SHOULDER MARKED “G" 
WITHIN .0005 INCH TOTAL INDICATOR READING. 


Fig. 111. A shaft depicted in its functional environment to show how 
its location affects its dimensional tolerances. 
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Atmospheric surfaces have no functional obligation, but they 
are normally connected, if only indirectly, with the datum planes, 
with liberal tolerances, to knit together the features of the part. 

The ends of the shaft of Fig. Ill are atmospheric surfaces and, 
therefore, have no particular relationship with other surfaces, and 
one is tied in with the locating surfaces only to follow the general 
pattern. There is, however, a relationship between the two ends, 
and that is the over-all length of the piece. An ;Over-all dimension 
is convenient for ascertaining stock length, machine capacity, etc., 
and should always be specified. If the sum of component dimensions 
comprises the total length of the piece, then a dimension between 
terminal points may be given as a reference without tolerance. 

The choice of functional locating surfaces as datum planes en¬ 
hances their suitability as locating and gaging areas in manufacturing. 
It is obviously advantageous to employ the same surfaces for locat¬ 
ing a piece when it is fabricated as will position it in service. The 
principal surfaces used for location in manufacturing are called 
critical surfaces. They will be referred to frequently. Their primary 
concern with the function of a part should not be forgotten. 

The most desirable size should be specified as the size of a dimension 

A bearing and shaft for a running fit are most desirable at their 
maximum metal sizes. If the hole is at its minimum size and the 
shaft at its maximum when they are assembled, the clearance be¬ 
tween them will be the allowance and each will contain the maximum 
possible amount of material for wear. If this combination is dimen¬ 
sioned with unilateral tolerances, then the size of the hole is most 
seemingly given at its minimum size with the tolerance specified in 
the positive direction, and the shaft at its maximum size with its 
tolerance in the negative direction. Thus, notice is given plainly 
of the optimum condition. 

For an example, a nominal 1-in. hole and shaft with allowance 
of 0.001 in. and tolerance for each of 0.001 in. would be specified as: 

Hole size 1.000 
Shaft size 0.999 

The same procedure is followed with limiting dimensions. In the 
case of the hole, the lower limit leads or is placed above the upper 
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limit, and the reverse applies to the shaft. For the same fit, by 
limiting dimensions: 

Hole size or 1.000 — 1.001 

1.001 

0 QQQ 

Shaft size or 0.999 — 0.998 

This rule may imply but does not dictate invariably any particular 
tolerance form. That depends upon the exigency of each applica¬ 
tion. The fourth rule merely specifies that the initial or leading 
figures of each dimension should be the exact amount which would 
be desirable if tolerances were not necessary. The tolerances must 
then be applied to recede into less desirable, but not prohibited, 
zones. In the case of a running fit, as has just been shown, the de¬ 
sirable limits are those of the allowance, and the tolerance of each 
member may recede in only one direction from that status. For 
other applications, different circumstances prevail. 

For assemblies like that of Fig. Ill the mean value for each 
dimension may be the most favorable. In such a case each dimen¬ 
sion carries tolerance in both directions; in other words, bilateral 
tolerances are employed. 

Only one dimension between two points 

The same dimension between two points, perhaps each in a differ¬ 
ent view, may appear in a drawing intentionally or through error. 
It may be the intention of the draftsman to make the dimension 
easier to find. Such advantage as may be derived is of questionable 
value in view of the trouble that may result, particularly if there is 
need to change the dimension. Invariably, it seems that if a change 
is made, one of the figures is overlooked, and then two values remain 
on the drawing, causing needless confusion. 

Composite surfaces 

The illustrations so far given have been comparatively simple, 
as indeed are most of those met in practice. However, some pieces 
that must be manufactured have features that are quite involved 
and require many dimensions if they are to be defined exactly. The 
application of tolerances to many interrelated dimensions is likely 
to lead to violations of the rules of dimensioning and bring about 
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discrepancies. For instance, a profile containing a number of angles 
and radii may assume quite widely divergent forms if each dimension 
is allowed to vary independently within workable limits. 

A worth-while expedient is to dimension complicated forms with¬ 
out tolerances and specify an acceptable zone within which the profile 
may vary. Figure 112 shows an example of this method of control¬ 
ling a profile in a manner that can be used directly in manufacturing. 

A method of controlling gear teeth is a variation of the foregoing 
expedient. For instance, a spur gear may have errors in runout, 
tooth spacing, tooth thickness, involute form, etc. To keep all the 



errors so small that their sum would not hinder the gear^s meshing 
would be costly. Each form of error has limits necessary to insure 
proper action and keep down noise, but if all should be large in any 
set of gears, the gears would probably not mesh freely. The actual 
expedient is to specify how a gear must run with a master. At a 
definite center distance, the backlash allowed between the gear 
and master may be specified. The stated amount of backlash 
must not be exceeded in any position of engagement. This is, of 
course, a check against the accumulation of the individual errors, and 
it is also commonly used for helical and bevel gears. 

DIMENSIONING OF TOOL DRAWINGS 

Dimensioning to suit the system of toolmalcing 

As explained in Chap. 6 in reference to estimating elapsed time 
for toolmaking, there are two distinct systems of 4;oolmaking. By 
one system, practically all the work of construction of a single tool 
(jig, fixture, die, or gage) is done by one toolmaker or small group. 
The second system employs specialists who do certain types of work, 
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such as milling^ drilling, and boring, on all tool details. These 
specialists are usually not aware of the specific purposes of the details 
that they make. The v^arious details of a tool go upon completion 
to a toohnaker who fits and assembles them. 

Quite obviously the second system is akin to production, and tool 
drawings for it should satisfy the conventions and approach the 
completeness found desirable for production component drawings. 
Tolerances are usually specified for all but atmospheric dimensions. 

For the first system, skilled toolmakers are essential, and much 
can safely be left to their discretion. Best results can often be 
achieved by leaving decisions as to tools and methods to be used in 
fabrication of the jig, fixture, die, or gage to the judgment of the 
toolmaker, where there is any opportunity to do so. For instance, 
tolerances are not customarily placed on the mating dimensions of 
^ press-fitted into a hole. The toolmaker can be depended 

upon to select the most suitable reamer available for the hole size 
and then to turn or grind the plug to an appropriate size within very 
close limits. 

Where tolerances are necessary 

Interchangeability between the details of many tools is seldom 
of any particular advantage. Details for replacement must usually 
be made individually and can, therefore, be fitted just as well as not. 
There are, of course, exceptions to this nile. Interchangeability is 
evidently a necessity in the case of a commercial universal jig. 

Whatever the system by which tools are made, tolerances on 
the functional dimensions of tools must be specified if there is to be 
assurance that the tool will serve as planned. For instance, the 
diameter of an arbor on which a part must fit should have a specified 
tolerance. Also, the tolerance on the distance between a locating 
surface and the axis of a reamer bushing hole would normally be 
necessary to indicate the care necessary in jig boring the hole.. 

Some differences in practice in carrying out these principles are 
found in every plant. Figure 113 is given as one form of tool dimen¬ 
sioning to illustrate a drawing form intended to guide a skilled tool- 
maker. The top of the plug, over which the workpiece fits, is dimen¬ 
sioned with limits, but the bottom plug, which is to be pressed 
into the fixture body, has merely the nomin^ diameter specified 
with the note that it is a press fit into Detail 2. The clearance wholes 
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for the 10-24 NC socket head screws are merely stated as such. 
The toolmaker will probably have standard sets of tools for such 
holes, arranged for various sizes of screws. The geometric considera¬ 
tions are pointed out, and the toolmaker normally can be depended 
upon to exercise care in bringing the important geometrical relation¬ 
ships as close as possible. 

Tolerances and relationships on tool drawings should not be 
specified more closely than necessary for to do so increases the cost 
of fabrication needlessly. For instance, it is evident that the loca¬ 
tion of a drill bushing for a hole that is located with a tolerance of 
0.020 in. in the workpiece is not as important as.that for a hole which 
must be located within 0.002 in. Even so, theie are often practical 
limitations in the results that can be achieved by highly skilled tool- 



PLUG - / ' 

Fig. 113. A fixture detail. This illfidti^ates one form of tool dimen¬ 
sioning. 
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makers—^in jig boring, for example, and they must be taken into 
account in fixing tolerances upon tool dimensions. Some of the 
effects of tool tolerances upon production tolerances will be discussed 
in Chap. 14. 


SUMMARY 

An understanding of the principles of dimensioning is important 
to the tool engineer because dimensions are the principal media by 
which specifications are brought to him and passed on by him to 
others. 

Tolerance is an important part of any dimension. For writing 
tolerances there are three principal forms: 

1. The bilateral form that expresses the permissible variation 
in two directions from a stated dimension. 

2. The unilateral form, applied in one direction. 

3. Limits for specifying the extremes of a dimension. 

Each form has certain appropriate areas of usage. In any case 
the desirable form may be determined by either (a) conditions of 
design or (b) the characteristics of the operation or process to do 
the job. 

Tolerance forms may be used to carry out certain systems of 
design, such as: 

1. Standard hole practice. 

2. Standard shaft practice. 

3. Maximum hole practice. 

The proper amount of tolerance for any dimension depends upon: 

1. Functional requirements. 

2. The cost of production. 

The best compromise must be sought between the first factor, 
which calls for a close tolerance, and the second, which urges a loose 
tolerance. 

When functional requirements dictate very close tolerances, resort 
may be made to selective assembly. For that method of assembly, 
parts are made with comparatively wide tolerances, sorted to finer 
gradations, and assembled from groups. 

For most applications, a few classes and grades of fit suffice. 
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Experience has shown the applications to which the standard classes 
are test suited. Thus tolerances may be applied readily by choosing 
them from the appropriate class for a particular situation. 

To avoid confusion and misunderstanding in dimensions the 
following rules have been found helpful: 

1. Locate a point by only one dimension in any one direction. 

2. Dimension between points, lines, or planes which are naturally 
related to each other. 

3. Provide dimensions in three co-ordinate directions to conform 
with functional needs, 

4. Make the first or leading figure of a dimension the one which 
specifies what would be desirable if the distance could be held to 
an exact size. 

5. Give no more than one dimension between any two points. 

There are three kinds of surfaces on a part of a machine or 
mechanism. They are: 

1. Functional surfaces, which make contact with surfaces of other 
parts, 

2. Clearance surfaces, which have no contact with, but come 
close to, surfaces of other parts. 

3. Atmospheric surfaces, wtiich have no relationship to other 
parts. 

The functional features of a part are most faithfully expressed 
by dimensions that connect its functional and clearance surface to 
its locating surfaces. Likewise, the functional features can be re¬ 
alized most naturally by using the surfaces that locate the part in 
service to locate it for finishing the other surfaces when it is made. 
These surfaces, which are most desirable for location, are known as 
the critical surfaces in manufacturing. ’ 

The plan followed in a toolroom may determine the way in which 
tool drawings are dimensioned. Where the tool work is divided 
among specialists, dimensioning like that for production drawings is 
appropriate; where skilled toolmakers carry through their jobs to 
completion, much may be left to their discretion. In either case, 
though, functional dimensions should be fully specified with tpler- 
ances on tool drawings. 
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QUESTIONS 

1. Why is dimensioning important to the tool engineer? 

2. What penalties may result from improper dimensioning? 

3. Define: (a) tolerance, (b) allowance, (c) limits, (d) standard size. 

4. How are tolerances written: (a) in the bilateral form? (b) in the uni¬ 
lateral form? (c) in the limiting dimension form? 

6. What are advantages and disadvantages of the bilateral form of 
writing tolerances? Where is this form applicable? 

6. What are advantages of the unilateral form of writing tolerances? 
Where is this form applicable? 

7. Under what circumstances are limiting dimensions advantageous? 

8. What conditions of design may point out certain tolerance forms as 
preferable? 

9. Cite where process characteristics make one or another tolerance 
form desirable. 

10. Describe: (a) standard hole practice, (b) standard shaft practice, 
(c) maximum hole practice. What benefits are attributable to each? What 
does each require in the way of tolerances? 

11. What two considerations must be taken into account in fixing a 
tolerance? 

12. What factors enter in fixing the allowance and tolerance of a running 
fit? What factors enter in fixing the allowance and tolerance of a press fit? 

13. What is selective assembly? Why is it used? 

14. Describe the eight classes of fit offered by the A.S.A, standards. 

16. Give five important rules for good dimensioning practice. 

16. Why should a point be located by only one dimension in any one line? 

17. How should a taper be dimensioned? Give an example of an im¬ 
properly dimensioned taper. What is the result? 

18. Why should dimensions appear between related surfaces? 

19. What is a datum plane? 

20. Distinguish between functional surfaces, clearance surfaces, and at¬ 
mospheric surfaces. 

21. What are the most desirable surfaces to be used for datum or reference 
surfaces? 

22. To what surfaces should functional and clearance surfaces be dimen¬ 
sioned? 
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23. What are critical surfaces? What relation is desirable between them 
and functional locating surfaces? 

24. Why should the most desirable size be specified as the size of a 
dimension? 

26. Why should only one dimension be given between any two points? 

26. How may composite surfaces be dimensioned to avoid excess ac¬ 
cumulations? 

27. How does the way of making tools affect the method of dimensioning 
tool drawings? 

28. For what dimensions on a tool drawing should tolerances always be 
given? 
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10 DETERMINATION OF THE REQUIREMENTS 
AND CONDITIONS OF A PROCESS 


The fint step of process and tool planning 

As outlined in Chap. 8, the first stesp of planning does not only 
consist of finding out what is to be done, but also of scrutinizing the 
adequacy of specifications, determining the nature of raw materials, 
the quantity of production, and the significance of specifications. 
These are the considerations that will be taken up in this chapter. 

The specifications of a job tell what is to be done. Consideration 
will be given to the forms in which specifications are received and 
the immediate uses made of them. 

A competent tool engineer is not expected to accept specifications 
blindly. As has been said before, he is often in the best position to 
evaluate requirements from a manufacturing standpoint. Attention 
will be given to the ways in which he can do that. 

The raAv materials desired or available and the quantity of pro¬ 
duction are among the most important conditions affecting a process. 
The significance of these items will be discussed. 

Some specifications are more exacting than others. What makes 
them so and how they may be discerned will be studied. 

TO FIND OUT WHAT IS TO BE DONE 

How specifications are received 

It is axiomatic that a statement of the requirements of a problem 
must precede its solution. Thus, before a process can be planned, 
it must be determined what the process is to accomplish. This is 
found first in a drawing of the part to be made. Assembly drawings, 
showing the functional positions of the parts, supplement most part 
drawings. Prints of the drawings are furnished with the manufac¬ 
turing order, which specifies the conditions for the job. A bill of 
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material, of which a sample is shown in Fig. 114, is almost always 
available for an assembly drawing. In addition, other helpful sup¬ 
plements may be available, like standard specification sheets, sam¬ 
ples, or experimental models. 


ilUOPMATHUAi rARTNO. 


MAMt Mini FUtt AflMWH _ 

OCSOWnON atoo^<d DMyr, l-lA* 10 

_____ I CHECKED T 



Fig. 114. A typical bill of material. (Courtesy Borg and Beck Co.) 
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Figure 3 shows how the specifications pass from the product 
engineer to the factory manager to the tool engineer, and later steps 
that they take. 

What the specifications include 

For a manufactured article, the requirements may include: 

1. The surfaces to be finished, whether external or internal, and 
their geometric forms, such as: 

a. External diameters, 

b. Holes, 

c. Plane surfaces, 

d. Special forms, like involute surfaces. 

2. The degree of finish for each surface. 

3. The dimensions between surfaces. 

a. Between finished plane surfaces and rough and finished 
surfaces. 

b. Diameters of cylindrical surfaces, external and internal. 

c. Lengths of outside diameters and depths of holes. 

d. Between axes and planes or from axis to axis. 

4. Geometric relationships, such as 

a. Concentricity, 

b. Parallelism, 

c. Squareness, 

d. Angularity. 

5. The allowable limits of each dimension and relationship. 

6. Physical properties of the material, such as 

a. Hardness. 

b. Toughness. 

7. Surface treatment. 

a. Plating. 

b. Painting. 

8. Refinements. 

a. Burring. 

b. Chamfering or countersinking. 

c. Blending of surfaces. 

d. Tapping or threading. , 

From the data furnished, the engineer should compile at the stai*t 
a mental or written list of every requirement, checking off each from 
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the print as it is noted. By recognizing each essential item he can 
be sure of a comprehensive understanding of what must be accom¬ 
plished. 


INVESTIGATION OF SPECIFICATIONS 

Clarification of obscure requirements 

It is important that all statements of requirements be explicit. 
Any information not covered by standard practice should be con¬ 
veyed on the part print in such a way as to leave no room for a 
misunderstanding. Dimensions without tolerances, notes reading 
“Break Edges,’’ and surfaces designating merely the mark “f” are 
examples of deficient designations that too often lead to misunder¬ 
standings. If information is lacking, the process engineer must 
secure it from the product engineer and insist that it be placed on 
the drawing. The alternative is to “second guess” the designer with 
the resultant risk of inadequacy and error. 

Improvement of design 

The general nature of a process is usually inherent in the design 
of an article. A design calling for grey iron implies that it will bo 
cast and then machined on those surfaces where greater than casting 
accuracy is required. A bevel gear can be expected to be processed 
somewhat differently from a spur or helical gear. Thus, when the 
process engineer has ascertained the requirements of the design of a 
part, he has determined, in a large measure, the general aspects of 
the process he will choose. His task is to find the most favorable 
variation of that process, from the standpoint of economy and ex¬ 
pediency, that will meet the requirements. However, he must never 
assume that all decisions that have been made are conclusive but 
should be always alert to constructive possibilities and strive to 
suggest improvements in design. Often the production engineer can 
save a great deal in tooling and manufacturing costs by suggesting 
changes in product design to conform to basic principles and, what 
is more important in many cases, can bring about lower costs by 
pointing out the desirable design for that type of process implied 
by the requirements. As a rule, to which there are always excep¬ 
tions, the product engineer is primarily interested in the functional 
aspects of a design and only secondarily concerned with processes. 
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The process or tool engineer has, of necessity, production as his main 
consideration and is in a better position to bring a more specialized 
and intensive knowledge of that field to a problem. To broaden his 
outlook, however, it is always desirable for him to cultivate some 
understanding of the nature of the product engineer’s problems. 

Many examples can be cited to illustrate design improvements 
affected by adroit process engineering. Two are given at this time. 
The gear cluster for an aircraft engine was originally designed in 
three parts as shown in Fig. 115A. A large gear and a small one 



Fig. 115. A cluster gear. (A) As originally assembled from three 
parts for an aircraft engine. (B) Refinement in process brought about 
simplification to one part at a lower cost. 


were assembled on a splined core, which was staked over on one end 
to hold the assembly together. Since the two gears had to be hard¬ 
ened and finished to close limits and a space of only % in. was al¬ 
lowable between the gears, the designer was of the opinion that the 
components must be processed separately to provide adequate clear¬ 
ance for finishing them by conventional methods. The large gear 
presents no problem, but the smaller one is too close and too far 
below the larger one to allow easy access of the usual types of ro¬ 
tating finishing cutters or grinding wheels. Considerable difficulty 
was introduced into the job by the necessity of limiting the errors 
in each part to amounts that, added together in the assembly, would 
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be within the tolerances of the finished unit. To improve the 
situation, the process engineer together with equipment manufac¬ 
turers devised a method together with the necessary tools for shaving 
the small gear in its location near the larger one and made possible 
the design sketched in Fig. 115B. The one piece construction ob¬ 
viously is much more economical to manufacture. 

Figure 116A represents the original design of an aircraft oxygen 
tank bracket, which evidently is costly because of the number of 
parts and assembly operations required. Figure 116B is a simplified 



Fig. 116, Part design simplifies production. (Courtesy of Production 
Engineering and Management.) 

design suggested by production experts, but rejected by the product 
engineer because it was not properly stressed. Figure 116C is a 
design offered to incorporate the desirable characteristics of the first 
two designs, but its turned-in lips made fabrication difficult. Fig¬ 
ure 116D shows the design of the bracket finally adopted. 

Desisn changes to improve operations 

Frequently changes in or additions to a workpiece, even though 
minor, may be helpful to producing it. Changes should be made at 
the start, because later, especially in production, they are more 
expensive. All the possible refinements that aid production are too 
many to list. However, the following outline gives an idea of the 
kinds of changes that are common and is offered as a guide of what 
the process and tool engineer should bear in mind when looking for 
improvements. 

Typical alterations are: 

1. Additions to the workpiece in the form of pads, ribs, fins, lugs, 
reliefs, etc., to: 
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a. Control warpage in heat treatment or founding. Figures 
117 and 118 show two precautions for castings. 

b. Control workpiece deflection under cutting and clamping 
forces. For instance, a thin flange that may be difficult to support 
under cutting forces may be reinforced by ribs. 



A B 

THICK SECTION UNDESIREABLE RIBS GIVE STRENGTH WITH 

UNIFORM SECTIONS 


Fig, 117. A design to improve a casting. The bracket at (A) with 
the heavy fillet has a thick section that can be expected to cool more 
slowly than the thinner adjacent walls and set up stresses and resultant 
deformations. Gas pockets and a spongy formation are more likely 
within the thick section. The bracket at (B) has the walls reinforced by 
ribs, which provide thinner sections and ample strength. 

c. Provide strength to withstand cutting action that might 
break or damage the part. An example is furnished by the counter¬ 
sink in Fig. 119 to get away from breakout from tapping. 

d. Aid in holding the workpiece. Chucking rings and bosses 



A B 

Fig. 118. A design to improve a casting. The staggered ribs, at (B), 
cause less distortion than the regularly spaced ribs at (A). 
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are often added for this purpose. The worm gear of Fig. 120A 
required two chuckings (2 operations) for machining. The chucking 
boss shown added in Fig. 120B made it possible to machine the gear 
in one chucking. At the end of the single operation, the piece is 
(ait from the chucking boss by the cut-off tool, Xy which also finishes 
the hub face. 



Fig. 110. Design to withstand cutting acaion. If a cored hole is 
to be tapp(^d, particularly in brittle materials, a sharp edge may b^(^ak 
out. A countersink to overcome bniakage is preferred. 


e. Aid in driving the workpiece. A slot or projection may be 
added to a piece for contact with a driving pin, if the piece is to bo 
turned on a lathe. The small crankshaft, shown in Fig. 121, has 
lugs on the end so that it can be turned between centers for machin¬ 
ing the crank pin as well as the main journal. In the end, the lugs 
are cut off to finish the part. 




Fig. 120. A worm gear at (A) to which a chucking boss w^as added, 
at (B). (From Owens, Introduction to Tool Engineering^ p. 60. Pren¬ 
tice-Hall, 1948.) 


f. Aid in locating the workpiece. That is part of the function 
of the lugs on the crankshaft of Fig. 121. Foundry pads may be 
added to castings to serve as locators in the initial machining opera¬ 
tions. The small cylinder block of Fig. 122 has pads for that pur¬ 
pose. These pads have no functional purpose. 












mf 


Fig. 121. An aid for driving and locating. The small crankshaft is cast 
with lugs on the ends, as shown on the left. Two center holes arc put into each 
lug for driving and locating the piece for machining the main journals and the 
crank pin, as shown by the piece in the middle. When the crankshatt is finished, 
the lugs an; turned off. A finished piece is on the right. 






Fig. 122. Two views of a small cylinder block casting. The foundry pads 
from which location is taken for the initial machining operations aie sho'vvn. 
The positions of these pads on some castings are checked in a fixture that regis¬ 
ters the important outlines of the casting. The pads may be filed or cut to pro¬ 
vide location within 0.010 in. 
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g. Prevent mutilation or marring of the workpiece. The gear 
of Fig. 123 would have burrs thrown into the spline when the end 
face is finished if it were not for the counterbore. When the piece 
of Fig, 124 was designed with a groove around the edge, a parting 
line across the face was necessary. The flash was difficult to remove 



Fig. 123. A design to avoid mutilation. The shank end of this 
gear must be ground after heat treatment. A counterl)pre is provided 
in the end of the splined hole so that the grinding does not throw a burr 
into the spline, which would be difficult to remove. 



Section A “A Section A-A 


Fig. 124. A design to prevent mutilation. Grooves around the 
contour of this handle, as at left, require parting the die in a vertical 
plane, leaving flash where its removal is difficult a^ mutilates the work¬ 
piece. The design at right makes possible a horizontal parting with 
easier flash removal. (Courtesy New Jersey Zinc Co., New York.) 
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without marring the face. With a bead instead of a groove around 
the edge, the die could be parted at the bead from which flash could 
be removed without scratching the face. 

h. Conform to characteristics of tools. Several examples are 
given in Fig. 125. 

2. Changes in shape or size of the workpiece to reduce: 

a. Tooling costs. Simple changes in die castings to reduce 

explanation 
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fMg. 125. Several examples of design to conform to characteristi(^s of 

tools. 

Piece as originally die cast Redesigned for flat die parting 


Irregular parting 


cgsfing 

Fig. 126. A design to reduce tool costs. With a die casting de¬ 
signed as shown at left, an irregular parting face (in ^dashed lines) is 
required. Redesign, at right, permits a flat parting with lower cost for 
the die and for flash removal tools. (Courtesy New Jersey Zinc Co., 
New York.) 
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die costs are suggested in Figs. 126 and 127. Wherever possible, 
the use of standard sizes of tools is desirable, especially drills, ream¬ 
ers, and counterbores. They cost much less than special tools 
and can be used with standard bushings. Standard tools are also 



Fig. 127. A design tx) reduce tool costs. Internal lugs involving 
undercuts, as in A, require an expensive collapsible con* or “knock 
outs.” If the lug is extended, as in an undercut is avoided. (Cour¬ 
tesy New Jersey Zinc CO., New York.) 



Fig. 128. A design for standard tools. A special combination 
countersinking and counterboring tool is necessary to make the hole for 
the construction at the top. For that at the bottom, only a standard 
countersink is needed. 
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more readily available. Special form tools are often justifiable 
where they are used to cut several surfaces at once, but even then 
their necessity may be obviated at times by a change in the shape of 
the part, as suggested for one case by Fig. 128. 



Fig. 129. Design for foolproofing. One tooth of the external gear 
f must align with one tooth of the internal s[>line, in relation te the four 
largo holes all of the same size, as indicated. Addition of the small 
foolproofing hole (which has no functional utility after the part is 
finished) for locating in the various fixtures and jigs provided means for 
maintaining the desired relationships. 

b. Operator Skill. An example of foolproofing by a change 
in shape, consisting of the addition of a small bole, is shown in 
Fig. 129. The addition of dowel holes to make the location of a 
center line datum plane was suggested for the pieces of Fig. 110. 
Without some such means, machining of the parts to dimensions 
given from the center lines would be difficult. 

c. The number of steps or operations to make a part. For 
instance, some surfaces may be economically ground from the rough 
if the rough size is decreased to leave a minimum of stock, thus 
eliminating machining operations. Two other examples of how man¬ 
ufacturing steps may be reduced are shown in Fig. 130. Lugs may 
be added to a part to facilitate assembly, as suggested by Fig. 131. 

d. Material Costs. When the small hydraulic piston shown 
in Fig. 132 was made from bar stock, the waste material per piece 
amounted to 7.88 lb. Not only was most of that material saved by 
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Fig. 130. Two examples of how machining steps may be reduced. 



Fig. 131. A design to help assembly. This complex radio.chassis is a die 
casting, which allows the inclusion of lugs and supports without which assembly 
operations would be greatly increased and economical manufacture unlikely. 
(Courtesy New Jersey Zinc Co., New York.) 
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brazing together pieces from two sizes of bar stock, but also more 
than 60 per cent of the machining time was eliminated. 

Other savings such as storage, may be more important than 



Fig. 132. A small hydraulic piston. (From Owens, Introduction to 
Tool Engineering^ p. 72, Prentice-Hall, 1948.) 


the material alone. For instance, the single bracket, described in 
Fig. 133, in place of two others, makes it possible to reduce the 


A 



C 


Fig. 133. A design to reduce the number of rough pieces. Instead 
of the right and left hand brackets, (A) and (B), requiring separate cast¬ 
ings, brackets can be made from a single casting as at (C). The posi¬ 
tion of the hole in the arm is the only difference between the two brack¬ 
ets in their redesigned form. Besides the savings resulting from process 
simplification, there is the advantage of being able to make either 
bracket, whichever may be needed more, from the rough casting. 
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number of rough pieces that must be stored and simplifies processing. 

The savings possible from the use of standard sizes and shapes 
of raw materials should not be overlooked. These include standard 
sizes of round, hexagon, and square bars, tubes, and sheets. Such 
standard items are usually cheaper, easier to stock, and less subject 
to obsolescence than special sizes and shapes. 

DETERMINATION OF THE CONDITIONS OF A PROCESS 
Material 

A process involves a change in size, form, shape, or character¬ 
istics of material. Thus, determination of the nature of the raw 
material is always a prerequisite to planning the process. Much 
of the necessary information is usually supplied in the design of the 
article, but some may have to be ascertained from other sources. 
For instance, the part print may specify SAE 3120 steel for a shaft 
having a major diameter of 1*)^ in., but the process engineer must 
determine the diameter of the bar stock to be purchased on the bases 
of the amount of stock needed over the largest finished diameter 
and the commercial sizes available. For a gear, the process engineer 
may have to determine, from the standpoint of economy, whether 
to machine it from bar stock, tubing or forgings. Another part may 
be cut from extruded strip or die cast. 

Quantity 

The quantity to be made of any article is of paramount im¬ 
portance in the determination of the process to be used. That 
information is not normally available in the engineering specifications 
of the part, although often records supplying the information ac¬ 
company the engineering release given to the process engineer. 
The decision as to the required output is one that management must 
make on the basis of market surveys. The resulting information 
can be expected from the management. 

DETERMINATION OF EXAaiNG REQUIREMENTS 

The selection of critical areas 

Observation of the individual dimensions of an object is only a 
part of recognition. An understanding of their significance must 
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follow. Especially those requirements that are exceptionally exact¬ 
ing must be discerned. They are the ones that must receive the 
most careful treatment during the process. 

As was pointed out in C'hap. 9, certain areas of a part carry out 
its functions. These areas have special features. If the functions 
are exacting, the dimensions between the functional areas must be 
held closely and the surfaces must be true geometrically. This was 
illustrated by the shaft of Fig. 111. It is suggested that the ex¬ 
planation in the text of that figure be reviewed at this time. 

Even where the function of a part is not exacting, there are 
functional surfaces that stand out. For instance, a cast bracket 
may be adjustable and does not need close dimensions. Even so, 
certain locating and adjusting surfaces need to be finished. These 
surfaces are favored as compared with the surfaces left in the rough, 
even though no surfaces on the part are particularly exacting. 

The functional areas are especially qualified because of their 
required purposes, positions, and truth as areas from which to locate, 
measure, or gage other areas of a workpiece. In that role they are 
(tailed critical areas. Functional areas are designated by the product 
designer by the dimensions and qualifications given on the drawing 
of a part. From these the (critical areas are chosen on the basis of 
their suitahility for the process for making the part, because some 
functional areas make better critical areas than others. In addition, 
clearance surfaces often offer advantages as critical areas because of 
position, shape, or size. 

General indicators of critical areas arc: 

1. The presence of base lines from which dimensions are taken 
in the three co-ordinate directions or radially. These lines usually 
coincide with surfaces of the workpiece. 

As an example, a plate of steel has a number of holes perpendic¬ 
ular to the top, as shown in Fig. 134. The holes are located by co¬ 
ordinate dimensions (Ai, J5i, Ci, and A 2 , i? 2 , C 2 ) with close limits 
from two edges of the plate. The edges, representing axes, merit 
special consideration and are the critical areas in this case. 

2. Close tolerances on dimensions which may be measurements 
of distances between points or surfaces, conditions of roundness and 
straightness of cylindrical surfaces, or conditions of concentricity or 
squareness between surfaces. 

As an example, the design of a piece machined from a casting 
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calls for two holes perpendicular to a plane. One hole must be 
1.000-1.001 in. in diameter and the other 0.7500-0.7505 in. in diam¬ 
eter. The distance between the hole centers is specified as 10.001- 
9.999 in The holes are likely critical areas of the part. They 
present a condition that demands close attention to machining and 
gaging. The holes also offer desirable means for location of the 
part while other surfaces are being machined. 



Fig. 134. Critical areas. The holes in the plate are located by di¬ 
mensions with close limits from two edges, which are the critical surfaces 
of the piece. This is especially true if the diameters of the holes do not 
have close tolerances. 

As another example, a cluster gear has two bearing surfaces 
at its ends, perpendicular to its axis, a distance of 7.5005-7.500 in. 
apart. These surfaces must be square with the axis of the gear 
cluster within 0.001 total indicator reading. Obviously, these con¬ 
ditions are indicative of critical areas. 

3. Surface restrictions pertaining to finish or flatness. For in¬ 
stance, the finished surfaces on a casting, even though no close 
tolerances apply to the dimensions positioning the surfaces. 

The indicators of critical areas may point to several surfaces of 
a workpiece. A selection of the most 'pertinent critical areas for a 
particular process must be made to determine which will provide 
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the most advantages. Three tests which will help in this selection 
are: 

A test for arithmetical superiority. If two surfaces have a relating 
dimension with close limits, both may be critical areas. However, 
if one is directly related dimensionally to other surfaces of importance, 
and the second is not, the first is the more important critical surface. 
In its role of locating surface, the first will present fewer difficulties 
in the way of limit stacks and necessary tightening of tolerances. 
Generally, those areas are the most critical which contribute most 
to minimizing limit stacks and tolerance accumulations. 

A test for geometrical superiority. A surface less subject to run¬ 
out variations is more desirable as a critical surface for subsequent 
locations. 

In general, preference should be given to critical areas that will 
provide locating points the greatest distance apart. For instance, 
two holes in a piece 10 in. apart are better locators than two holes 
a shorter distance apart, other conditions being equal. Also, a 
large surface is a more stable locating area than a small surface. 

A test for mechanical superiority. A surface having a minimum 
tendency towards deflection and mutilation is a more desirable 
locator. 

Example 18: An analysis of the critical areas of the gear of Fig. 135 
will serve to iUuetrate ^be-evaltiation and selection of critical areas. 

The 3.000 ± 0.002 dimension between the ends of the hub and the re¬ 
quirements that those surfaces be square with the spline within 0.002 total 
indicator readings indicate that those surfaces are critical. Also, both sur¬ 
faces must be finish-ground after heat treatment. The face of the long end of 
the hub possesses special arithmetical superiority in being a terminal surface 
for both length dimensions with close tolerances (the 3.125 db 0.005 and the 
3.000 ± 0.002 dimensions), but both hub faces are comparatively weak 
geometrically in having a small diameter in comparison with the over-all 
diameter of the gear. They are well placed to reinforce the spline while it 
is being cut. 

The rim face on the short hub side of the gear has a close dimensional 
relationship with the other critical faces (although not the closest), but pos¬ 
sesses the exceptional advantages of having a broad locating base, of pro¬ 
viding a desirable mechanical support for the gear teeth, and of being near 
the critical face of the short hub, the outside diameter, and the teeth. 

Because of the accuracy required of .the gear teeth, thfe wide spread that 
they offer between locating points, and their necessary concentricity in rela¬ 
tion to the spline, the teeth may be taken as critical areas. However ac- 
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curate locating devices for involute profiles are expensive and not entirely 
desirable if they can be avoided, although necessary at times. 

The outside diameter of the gear is to be held closely to 6.280 Iq 
will have to be ground after heat treatment, offers widely spaced locating 
points, and must be concentric with the spline axis. The periphery, there¬ 
fore, has a claim to being considered as a critical area. It has the disad¬ 
vantage of being inaccessible as a locator when the gear teeth are being cut 
or finished, an important part of the process. 

The 2.000 diameter must be ground and must be held con¬ 

centric within .002 total indicator reading with the spline. Those indicators 
point to its being a critical area. However, it is so short, in., that it 
should be avoided, if possible, or used as an auxiliary locating surface in 
conjunction with other surfaces. 

The internal spline offers the most advanta.ges as a radial locator. Its 
dimensional limits are close (tooth thickness 0.0981 ^q at the pitch line); 
its length of almost 3 in. gives it a satisfactory bearing area; it is related by 
concentricity requirements with the j)eriphery and teeth of the gear, the 
2-in. diameter, and, most important of all, to the surfaces at the ends of the 
hub. On the other hand, spline teeth are not good locating surfaces because 
of their special form and the expense of making and maintaining locating 
devices to suit them. Also, since the spline is not hardened, as the ends of 
the hub are, it may be preferable to delay cutting the teeth until very late 
in the process and thus the spline will not be available as a locator during 
most of the operations. An expedient that is frequently made use of is to 
machine the internal diameter of the spline to a (;loser tolerance than re¬ 
quired in the finished part and thus make the hole serve as a substitute critical 
area for the spline. The hole possesses most of the qualifications of the 
spline and is lacking only in that in the final analysis it in itself does not have 
a direct part in the function of the gear. 

Problem 41. Point out the relative merits of the surfaces of the bracket 
of Fig. 5 as critical areas. 

Problem 42. Wliat are the critical areas of the bearing bracket of 
Fig. 136? Of the bearing cap? 

Problem 43. What are the critical areas of the valve ca}> of Fig. 137? 

Problem 44. Point out the critical areas indicated in Fig. 138 and 
evaluate their relative merits. 

Problem 45. The‘dimensional surfaces of Fig. 139 are to be finished 
from a forging. Other surfaces are left rough. Discuss the relative merits 
of the critical surfaces. 


SUMMARY 

The first step of process and tool planning is to find out what is 
to be done. That includes determining that the specifications are 




Fig. 136. A bearing bracket assembly. (From Luzaddcr, Fundament 
taU of Engineering Drawing, p. 327, Prentice-Hall, 1946;) 
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Fig. 137. A valve cap. (From Owen, Introduction to Tool Engineering, p. 38, Prentice-Hall, 1948.) 
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adeqiiate, the raw materials to be used, the quantity to be produced, 
and Aliat requirements are exacting. 

Specifications for a job are mainly found in the part prints. 
They may be supplemented by assembly prints, bills of materials, 
specification sheets, samples, and models. The necessary informa¬ 
tion includes specifications of: 

1. The surfaces to be finished. 

2. Finishes recpiired. 

3. Dimensions. 

4. (Teometric relations. 

5. Tolerances. 

6. Material properties. 

7. Surface treatment. 

8. llefinements desired. 

For specifications to be adequate they must be explicit and 
(jomplete. 

The design of an arti(de to a large extent dictates the process 
for making it. The process and tool engineer is in a good position 



Fig. 138. ArliculaU'd rexi. 






Fig. 139. Universal joint spider. (From Owen, Introduction to Tool 
Engineeringy p. 39, Prentice-Hall, 1948.) 
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to suggest improvements in design to help manufacturing. In addi¬ 
tion, minor changes may be requested to improve an accepted process. 
These may include: 

1. Additions to a workpiece to: 

a. Control warpage. 

b. Control deflection. 

c. Add to strength to resist cutting forces. 

d. Aid in holding the workpiece. 

e. Aid in driving the workpiece. 

f. Aid in location. 

g. Prevent mutilation. 

h. Conform to the natural acjtions of the tools. 

2. Changes to reduce: 

a. Tooling costs. 

b. Operator skill. 

c. The number of steps to make a part. 

d. Material costs. 

Functional areas of a part should receive more careful treatment 
than others and usually have appropriate restrictions placed upon 
them for that purpose. Accordingly, they are logical areas from 
which to locate and gage in manufacturing. The areas used for the 
latter purposes are called (critical areas. Some functional areas 
make better critical areas than others. General indicators of critical 
areas are: 

1. The presence of base lines. 

2. Surfaces dimensioned with close tolerances. 

3. Requirements of surfa(;e finish or flatness. 

Tests which are useful in selecting the best critical areas are 
those for: 

1. Arithmetical superiority. 

2. Geometrical superiority. 

3. Mechanical superiority. 

Thus, critical areas are not always those associated with small 
tolerances. In fact, critical areas are present on all parts with func¬ 
tions, even though the functions do not require close tolerances. 
The critical areas are those that must receive relatively careful treat¬ 
ment to satisfy specifications and also offer advantages for locating 
and gaging. 
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QUESTIONS 

1. What is the first step of planning and what does it imply? 

2. In what form are specifications for a job received? 

3. What may manufacturing specifications include? 

4. Is it important that all statements of manufacturing requirements 
be explicit? Why? 

6. Why should the tool engineer want to point out improvements in 
product design? 

6. What kinds of design changes may be found to improve specific 
processes? 

7. What may be done to help in holding^ driving, or locating some pieces? 

8. Suggest changes that may be helpful in reducing tooling costs. 

9. Suggest changes that may help decrease the number of steps in a 
process. 

10. Is all the information needed about the material for an article al¬ 
ways found in its design data? When not? 

11. Where does information about the quantity of production usually 
come from? 

12. What are the critical areas of a part? What relation do they liave 
to functional areas? 

13. State and give examples of three general indicators of critical areas. 

14. Describe three tests for pertinent critical areas. 

16. Are critical areas always associated with very close tolerances? 
Explain. 
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11 DETERMINING THE OPERATIONS 
OF A PROCESS 

GENERAL CONSIDERATIONS 

The next logical step after determining what must be done is 
to ascertain how it can best be accomplished. Several methods are 
often available. In a machine shop, a piece may be turned on an 
engine lathe, turret lathe, or automatic. A plane surface may be 
machined on a shaper, milling machine, broaching machine, or on 
one of a number of the other machine tools. In a foundry molds 
may be made by hand or on a machine. One casting may be made 
in a flask or several. The problem in every case is to find the best 
method under the prevailing circumstances. As has been explained, 
economic considerations run throughout all such problems and must 
never be forgotten. But there are other factors as well, and con¬ 
sideration of them is one of the purposes of this chapter. 

The best way of loing any one part of a job can seldom be found 
by contemplation of the one item alone. Related components of a 
task are usually done most efficiently in some connected manner, 
often together in one operation. Thus, to find the best method, a 
decision must usually be made as to how the individual items are 
to be grouped or combined. Shall the requirements be satisfied in 
separate operations, or shall they be met, a number at a time, in 
larger operations? If combined, how far shall a consolidation be 
carried? 

As was shown in Chap, 10, to find out what must be done to 
make an article means to discern what items are required and what 
their relative importance is. That leads to a list of the basic steps 
needed to do the job, but not in the most desirable order or array. 
To group the items effectively, three steps must be taken. They are: 

1. Classify the items according to types of operations found in 
fundamental processes or procedures. 

382 
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2. Separate the items of each class into groups to conform to 
limitations of equipment or practices of each field of endeavor. 

3. Determine for each group the composition of the operation 
or operations most suitable. 

In all cases, treatment is not as detailed as that just described. 
For simple parts all steps may not be necessary, and the conclusion 
may be so obvious that it is reached without conscious analysis. 
For complex situations, though, the separate steps afford a logical 
way of setting-up operations. 

The selection of machine tools is in most cases a necessary part 
of the determination of operations. Where work is mechanized, 
the way it is done is in a large part governed by the action of the 
machinery. 

CLASSIFICATIONS ACCORDING TO TYPES OF OPERATIONS 

Operations typical of processes or procedures 

In manufa(;turing, and particularly in metal processing, 6 classes 
of operations are common, hlach class includes a set of related 
activities that contribute to a distinct process phase. Arrangement 
in this manner calls for: 

1. Founding operations. 

2. Enterprise protection operations. 

3. Critical manufacturing operations. 

4. Placement operations. 

5. Tie-in operations, 

6. Assembly operations. 

Founding operations are those by which material, most frequently 
but not necessarily metal, is molded, formed, forged, and so forth, 
to a desired shape. Products of such operations may be castings, 
forgings, bars, or strip stock and are usually the rough stock for 
subsequent machining or manufacturing operations. They mostly 
constitute highly specialized processes in themselves and are not 
performed in the majority of manufacturing plants. For example, 
there are few steel mills compared with the number of metal fabri¬ 
cators, and most factories purchase steel in commercial forms. Even 
castings and forgings are frequently secured from outside sources. 
Accordingly, founding operations usually do not appear in most 
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process plans, although their influence is likely to be quite important, 
and they must be understood and recognized. 

Enterprise protection operations are those that control or expedite 
the manufacturing routine and protect the interests of the enter¬ 
prise. They include receiving, storing, and various forms of inspec¬ 
tion (receiving, metallurgical, process, and final inspection.) 

Some of the factors that influence the nature of inspection opera¬ 
tions and their placement within the process are: 

1. The degree of accuracy required. 

2. The skill of the workmen. 

3. The size of the plant. 

4. The quality of the raw material. 

Critical manufacturing operations are those concerned with treat¬ 
ment of the critical areas, the surfaces that provide the workpiece, 
in its holding device, with a definite location. A cardinal principle 
of process engineering is to establish the critical areas first. Since 
critical operations are performed usually upon rough pieces, the 
following rules are of importance in appraising and analyzing their 
content and scope: 

1. The variations of the rough workpiece as it is received from 
the founding operations or process must be known so that provision 
can be made for adequate stock removal from all surfaces. 

2. The rough workpiece must be located to insure: 

a. That any surfaces that are not to be finished will not be 
askew. Many parts are designed to have only certain surfaces 
machined. Sections may be bounded on one side by a finished 
surface and on the other by a rough surface. Provision must be 
made so that the cuts are not taken so that the sections will be too 
thin, or too thick, or vary beyond the allowable limits. Rough sur¬ 
faces must not run out excessively nor offer interference when the 
part is performing its intended function. 

b. Uniform stock removal (workpiece to workpiece) from all 
finished surfaces so as to insure that surfaces will be cleaned. 

3. All critical areas and as many related surfaces as feasible 
should be machined from the same locators, preferably in one setting, 
to get the most accuracy. Errors introduced by resetting the work- 
piece are eliminated by performing as many related cuts as circum¬ 
stances, knowledge, and imagination allow. 
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Placement operaiions are those by which the nondimensional 
requirements are met, such as material hardness and touglmess, 
plating, protective coatings, cleaning, shot peening, burring, and so 
on. Many times one or a group of placement operations represent 
an auxiliary process within the entire process. Procedure and posi¬ 
tion within the sequence are usually dictated by techniques, skills, 
or practices. Plating, for instance, is a chemical process requiring 
that the objects be subjected to definite preparation and treatment. 
As another example, localized casehardening is ac(!omplished by 
conventional techniques. By one method the areas to be left soft 
are carburized in an oversize condition and the excess stock is removed 
before hardening. By another method, the soft areas are copper- 
plated to exclude carburization and are deplated after the hardening 
quench. As a general rule, placement operations produce easily 
mutilated areas, and it is often desirable to perform them near the 
end of the process. 

Many placement operations require detailed and specialized 
knowledge, which the process or tool engineer in general is not 
expected to possess. In many plants the process planner works 
with specialists in determining the required condition of the part 
as it enters and its characteristics as it comes out of the placement 
operations. In some places specialists may prepare outlines of stand¬ 
ard procedures for placement operations, like the one shown in 
Fig. 140, for heat treatment of AMS 6250 steel. It is primarily the 
responsibility of the process engineer to apply to these operations 
the appropriate principles of process and tool planning and to 
establish their proper contributions to the process. 

Tie-in operations are those whose sequence and method is dictated 
by the geometry to be achieved after the workpiece comes out of 
critical manufacturing operations and/or placement operations. The 
results from the tie-in operations must satisfy the needs of later 
placement operations or the specifications of the finished part. Cut¬ 
ting of gear teeth, finish grinding of surfaces, and drilling of non- 
critical holes are examples of tie-in operations. The following prin¬ 
ciples concerning tie-in operations serve to define their nature and 
relationship in the process: 

1. In the tie-in operations, locate from the critical manufacturing 
areas for consistency and uniformity of control. 

2. If the critical surfaces have been distorted by placement opera- 




Operation Description 

Degrease. 

Machine Name 

Mach. No. 

366. 

Spray washer 


366 

Load carburizing pot. 

Floor 


366 

Transfer pot to furnace. 

Electric crane 

93 

366 

Carburize - Specs.ES200 & ES235* 

15 X 30 homo. 

Heat to 1650 F. 1.25 lir. 

Carb. furnace 

108 


Bring to heat 2.5 hr. at least. 


4342 




366 

Remove pot from furnace and 
transfer to cooling pit. 

Electric crane 


366 

Cool in pit for 3 hr. 

Controlled 
cooling pot 


366 

Transfer pot from pit to floor. 

Electric crane 


366 

Unload pot. 

Floor 


366 

Load annealing pot. 

Floor 


366 

Transfer pot to furnace. 

Electric crane 

4338 

366 

Anneal - Spec. ES200. Heat 

25 X 36 Homo 


1300 F. 1.5 hr. Bring to heat. 

Carb. furnace 

4339 


1 hr. at least. 9*5 lir* bring 
down to 900 F. 


4340 

366 

Remove pot from furnace and 
transfer to cooling pit. 

Electric crane 


366 

Cool in pot for 3 hr. 

Controlled cooling 



pit 


366 

Transfer pot from pit to floor 

Electric crane 


366 

Unload pot. 

Floor 


366 

Clean off carbon. 

Grinding stand 

5160 

366 

Harden, Spec. ES200, 1475-1500 F. 

Lindberg hydrizer 4432 



4570 




5271 

366 

Quench in Spec. ESIO oil. 

Gleason quench 

2290 



Press 

6089 

366 

Vapor degrease. 

Detrex degreaser 


366 

Temper Spec. ES200. Heat to 300F. 

Draw furnace 

2956 


for 1 hr. ar-d cool in air. 


105 

366 

Shot blast 40 lb. max. press. 

Amer.wheelabrator 

319 

Check runout between centers 100^ 
for shafts. (Insert concentricity 
specs.) Check spline size-lO^t. 

Bench centers 

STI7I 

366 

Heat to straighten 105^. Heat to 

Lindberg hydrizer 4432 


1475-1500 F. 


4570 

366 



5271 

Quench in Spec. ESIO oil - IQfft, 

Gleason press 

4171 




6080 

366 

Vapor degrease lOJ^. 

Detrex degreaser 


366 

Temper lOjt Spec. ES200. Heat to 

22 X 26 Homo ■ 

2950 


300 F. for 1 hr. and cool in 

Draw furnace 

2956 

366 

air. 


105 . 

Shot blast 40 lb. max. press. 10^ 

Amer. wheelabrator I 

319 

Check runout 10^ (Insert 
concentricity specs.) 

Bench centers 



Fig. 140. Standard procedure to carburize and harden 
A.M.S. 6260 steel. 
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tions (like heat treatment) re-establish the critical areas by going 
back to the original founding process workpiece locators or to sec¬ 
ondary locating surfaces, reliably related to the critical areas. Thus, 
if a casting is heat-treated to relieve strains, the critical surfaces are 
probably warped and should be remachined to restore their truth by 
relocating on the same spots from which these surfaces were originally 
located. 

3. All workpiece geometry should be accomplished, where finishes 
and tolerances permit, while the workpiece is in the most workable 
condition. As an example, as much of the machining should be done 
on a part as possible before chrome plating to avoid marring the 
plated surfaces. Also, where distortion is not of importance, drilling 
is often desirable before heat treatment and consequent increase in 
material hardness. 

4. The extent of workpiece variation coming from the placement 
operations to the tie-in operations should be definitely ascertained 
and controlled. For instance, it is desirable to determine workable 
limits of distortion from heat treatment and standardize on those 
limits to be able to qualify the errors in the tie-in operations that 
follow. 

Assembly operations, as the name implies, are those in which 
parts are put together to form the desired mechanism or one of its 
larger components. 

The sisnificance of the initial classification 

The manner of satisfying a required item (like turning a diameter, 
finishing a plane surface, or heat-treating the material to a desired 
hardness), usually has an obvious place in only one of the six process 
classifications. Although such an allocation does not, by itself, 
designate specifically the operation in which any one item is to be 
included, it does provide a basis for recognizing related items and 
establishes a first degree of order from a chaotic aggregate of re¬ 
quirements. 

OPERATIONS CLASSIFIED ACCORDING TO SPECIALTIES 

The work to be done within the province of any fundamental 
class of operations (founding, placement, critical, or tie-in operations) 
normally can be further segregated according to natural or conven- 
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tfonal activities within the field. This division is natural, largely 
because of the comparatively limited range of action of even the most 
versatile machines and equipment. As an example in the machine 
shop, there are machine tools, such as those of the lathe family, best 
suited for cylindrical parts, others like milling machines and shapers 
more adaptable for plane surfaces, and drill presses for holes. For 
heat treatment, in the placement operation class, certain equipment 
is suited for carburizing and other for heating steel in a neutral atmos¬ 
phere prior to quenching. Thus, by the recognition of specialties 
of performance, the concomitance of various items can be ascer¬ 
tained within close limits. This does not imply that all the individual 
items that prove to be related shall necessarily be combined into 
one operation. It only indicates the similarity of certain actions, 
and the exact manner in which they are to be combined into opera¬ 
tions is still to be determined by other considerations. 

THE COMBINATION OF SIMILAR ACTIVITIES 
INTO OPERATIONS 

Economic considerations of work allotment 

After the necessary work units have been segregated into classes 
and then into groups, they must be arranged into one or more opera¬ 
tions within each group. Thus, operations must be devised to get 
the work done in the shortest possible time with the equipment 
allowed for the project. Two conditions must be compromised to 
achieve that end. Generally, savings in time result from combining 
as many job details on one machine or into one operation as circum¬ 
stances warrant. Loading and handling time are then reduced and 
the errors resulting from resetting the workpiece are minimized. On 
the other hand, if the increase in duties places too much responsibility 
on one* worker, the advantages of specialization may be sacrificed. 
The more done in one operation, the more complex, specialized, and 
expensive is the equipment. Fixed charges rise to offset savings* in 
direct costs. A favorable balance must be found between gains and 
losses. 


Tke seleeHon of nweiitMt 

Most manufacturing, particularly metal proeeanng, is so in- 
alterably dependent upon machinery that the form of an operation 



DETERMINING THE OPERATONS OF A PROCESS 


329 


cannot be analyzed independently of the machines and equipment 
that make it possible. A decision as to what machine to use is usu¬ 
ally equivalent to specifying the number of steps to be taken in the 
operation that employs it. Thus, the problem of combining related 
items of a process into operations is also one of selecting machines 
and equipment. Many considerations may influence that selection 
but normally only a few of them are pertinent to any one case. The 
important ones should be known so that they may be taken into 
account where applicable. They are: 


1. The nature of the work to be done that involves the following 
factors: 


Fig. 141. A single-spindle 
drill press equipped with special 
boring bar guide, and fixture for 
boring 2?/4-in. to SJic-in. diam- 
(^ter motorcycle cylindcjrs. With 
this installation, machine time is 
lost while the operator is loading 
and unloading the fixture. Also, 
only one cut is taken at a time. 
However, the investment in spe¬ 
cial equipment is comparatively 
low and is justified for medium 
quantities or production in lots 
where a number of sizes or mod¬ 
els make frequent change-over 
necessary. (Courtesy Barnes 
Drill Co., Rockford, Ill.) 
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a. The number of aspects presented. Specifically for metal 
cutting this means the number of related surfaces to be machined, 
which primarily determines the number of choices presented in the 
formation of an operation. If there is only one surface, there can 
be only one operation. If there are two surfaces, they may be done 



Fig. 142. A vertical two-spindle precision boring machine for rough and 
finish luring 234 - 10 . diameter cylinders. With this installation, the loading and 
unloading is done while the machine is operating, and two cuts are taken at once. 
TIowover, the comparatively heavy investment must be sustained by the pro¬ 
duction of a large quantity of parts manufactured virtually continuously. (Cour¬ 
tesy Barnes Drill Co., Rockford, Ill.) 
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separately or together; thus there are two choices, p^or 3 surfaces 
there are 5 alternatives; for 4 surfaces, 15 alternatives, and so on. 
Often only a few alternatives are of practical importance, so the 
number of possibilities may or may not have full significance in every 
case. 

As an example, consider a single cylinder engine block in 
which the cylinder must be rough- and finish-bored. In reality 
there are two machining cuts. The (nits may be taken separately, 
like in P'ig. 141, or at the same time as shown in Fig. 142. In con¬ 
trast, for a multiple cylinder block the cuts may be taken individu¬ 
ally, as indicated in Fig. 143; all cylinders rough-bored together on 


Fig. 143. Cylinder boring 
machine for machining one cyl¬ 
inder at a time. An adaptation 
of a single-spindle drill press, this 
unit is applicable to low produc¬ 
tion, such as the reconditioning 
of cylinder blocks. (Courtesy 
Barnes Drill Co., Rockford, Ill.) 
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one machine and then finish-bored on another, like in Fig. 144; or 
conceivably, but not probably, in any one of a number of other 
alternative ways. What is shown, however, is that in the two cases 
the methods adopted for quantity production differ, largely because 
the variety of offerings in one instance is not present in another. 

b. The diversity of the aspects. Specifically, this means the 
difference in size of the surfaces in a group. For instance, several 
items under consideration may be holes all having the same diameter, 
or they may have different diameters. If the holes are all the same, 



Fig. 144. A cylinder boring machine that bores all the cylinders in a block 
at the same time. Units of this type are used for large quantity production. 
(Courtesy Excello Corp., Detroit.) 
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greater opportunities for drilling them in one operation are presented. 
If holes of different diameters are to be drilled individually but in the 
same operation, several spindles may have to be used or means 
provided for changing the drills easily in one spindle. The neces¬ 
sary speed range may be difficult to find in one machine, if very 



Fig. 145. A small sensitive high-speed drill press for holes up to inch in diam¬ 
eter. (Courtesy Delta Manufacturing Div., Milwaukee.) 
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large and quite small drills must be used together. A drill press 
suitable for large holes may not be desirable for small ones, and 
vice versa, as indicated by the contrast between the machines of 
Figs. 145 and 146. Such difficulties are not encountered in planning 
an operation for drilling a number of holes of the same size. 

To carry the illustration further, in addition to differences in 
diameter, holes may have a disparity in depth or some holes may 
require tapping and others countersinking, and so forth. Deep holes 
require different machine settings and oftentimes a different tech- 




Fig. 147. A special vertical machine for countersinking and tapping holes 
in an aircraft propeller barrel. The holes are drilled on another machine. The 
operation of this macihine is as follows: 

1st station —load in fixture. 

2nd station —countcirsink 8 holes (at left). 

3rd station —lead screw tap 32 holes. 

The fixture is indexed, after the heads retract, to carry the parts through the 
cycle. If it were not for this special equipment, this work on the barrels would 
probably have to be done in two or more operations, (Cpurtesy Barnes Drill 
Co., Rockford, Ill.) * 
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nique, in order to clear the chips, from that of shallow holes. The 
machine of Fig. 147 illustrates how such diversity, even if mitigated 
by combinations provided by special machines, must be recognized 
in the design of the equipment, wliich has separate stations for (differ¬ 
ent kinds of work. 



Fig. 148. Parallel side.s of an aluminum cylinder block being finished on a 
standard production milling machine. (Courtesy Cincinnati Milling Machine 
Co., Cincinnati.) 


In general, as the dissimilarity in items in a group becomes 
more pronounced, the tendency is to require a greater number of 
operations to perform them. 

c. The relative positions of the surfaces. It is usually easier to 
machine parallel surfaces in one operation than oblique ones. If 
surfaces are not parallel, special arrangement of equipment is often 
necessary to accommodate them. This factor is illustrated in Figs. 
148, 149, and 160. 

d. The dimensional tolerances. The closer the tolerances, the 
more exacting the job. In some cases close tolerances may necessi¬ 
tate additional operations, as when grinding is a necessary addition 
to meet accuracy requirements. On the other hand, tight limits 




Fig. 149. Cylinder head contact faces and water-back surfaces of a cylinder 
block being milled simultaneously. Since these surfaces are not parallel, special 
spindle carriers are required on the milling machine. On a standard milling 
machine such as Fig. 148, the surfaces would have to be done separately with 
different fixtures to position the block for each surface. (Courtesy Cincinnati 
Milling Machine Co., Cincinnati.) 
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Fig. 150. Front view of a large double-acting horizontal side-broaching 
machine for machining bottom, lop, valve chamber-cover face, and distributor 
pad on a six-cylind(‘r engine block. This is n^presentative of equipment used 
for very lai'ge quantities. Output is 60-cylinder blocks per hour. (Courtesy 
Cincinnati Milling Machine Co., Cincinnati.) 



Fig. 151. A machine for drilling in one station and reaming in another sta¬ 
tion. Tliirty-eight holes in a section of an aircraft crankcase. The advantages 
of simultation is apparent in this installation. Less evident, but nevertheless 
present, is the advantage of accuracy in the relative placement of the holes de¬ 
rived from the operation of reaming them together. {Courtesy Wright Aero¬ 
nautical Corp., Wood Ridge, N.J.) 
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may dictate the simultation of the cuts of a number of surfaces so 
that the dimensions between the surfaces can be held closely by all 
being machined at once. An example of this is found in the drilling 
or reaming of a number of holes at once and in the same jig to main¬ 
tain close center distance, as indicated by Fig. 151. In Fig. 152 a 
line of grinding machines performs several passes on pins to produce 
required accuracy. 



Fig. 152. A line of centerless grinding machines with interconnecting con¬ 
veyers for continuous production of pins to (^lose limits of dimensions and finish. 
(Courtesy Cincinnati Milling Machine and Grinders, Inc., Cincinnati.) 


2. The characteristics of the workpiece^ which involves: 

a. The size of the workpiece. Small work does not have much 
significance from this standpoint. Large work, however, requires 
special handling effort because of its bulk and weight, and the 
tendency is to reduce this effort by employing a minimum number of 
operations. The logical choice for large castings is a machine on 
which as many cuts as possible can be taken without moving the 
workpiece. An example of this is given in Fig. 153. 
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b. The material, not only what it is, but also its state. Very 
hard material requires different treatment from soft material. 
Grinding may be essential even to remove stock in some cases. 
The working of tough material consumes more power, and equip¬ 
ment may have to be selected accordingly. 



Fig. 153. An example of a large workpiece that is not easily moved and reset. 
This is a diesel-engine center frame on which is performed a total of 684 drilling 
operations including 2J-in. spot facing. All formerly required 24 hours, but 
when placed on the radial drill and done in one operation, were completed in 17 
hours. (Courtesy Cincinnati Bickford Tool Co., Cincinnati.) 

3. The tenure of the operation, which determines the extent to 
which advantage may be taken of benefits offered. Usually the 
greater the production demand, the greater the justified investment. 
In fact, the influence of demand is so strong as to be able to transcend 
most of the other considerations. The quantity of production pri¬ 
marily determines whether standard equipment shall be used or 
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whether special devices can be developed for a particular job. As 
an example, the single-spindle drill press of Fig. 143 with its com¬ 
paratively inexpensive additions is slow by some standards, but is 
all that is justified for a low output, as might be found in a small 
repair shop. In contrast, a special machine that bores all the 
cylinders in a block, like that of Fig. 144, is worth-while for high 
production. 

Another example of the influence of quantity production is seen 
in the comparison of Fig. 141 and Fig. 142. 

Certain functions although related often are sufficiently distinct 
to receive separate treatment conventionally, like drilling, chamfer¬ 
ing, reaming, facing, and tapping. Ho>vever, under the urge of 



Fig. 154. A special hydraulic unit production-type machine for drilling, 
chamfering, reaming, facing, and tapping a cast-iron automobile transmission 
case. The work pieces in the multiple fixture are indexed through seven stations 
and are acted upon by six multiple spindle heads. One station is unloaded and 
loaded while the work is being performed. This type of installation is only 
feasible for very high and continuous production. (Courtesy Barnes Drill Co., 
Rockford, Ill.) 
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quantity production, the combination of these functions may* be 
warranted as shown in Figs. 147 and 154. 

Even the almost fundamental concepts of machine tool character¬ 
istics may be cast aside as a result of the demands of high produc¬ 
tion. As a general rule, machine tools perform limited functions 



Fig. 155. A special machine for milling, drilling, counterboring, reaming, 
and tapping bottoms of single-, double-, and four-cylinder crankcases. This 
machine consists of a two-spindle milling unit, one vertical unit with 20 spindles, 
one ten-spindle individual leadscrew tapping unit, and a seven-station rotary 
power index table. (Courtesy Barnes Drill Co., Rockford, III.) 

separately, like milling and drilling. Yet, if circumstances warrant, 
these distinctions may be contravened as illustrated by Fig. 155. 

Another example of ingenious simultation, not uncommon, is 
found in the combination of the operations of different parts. A 
machine designed for that purpose is shown in Fig. 156. 

An example of a high degree of mechanization for producing large 
quantities is the transfer machine of Fig. 73. Specifically, the factors 
affecting this consideration are: 



Fig. 156. A speci£i»l production-unit machine arranged with 26-8pindle 
auxiliary bushing plate and indexing table with four-place fixture for holding two 
each of two different parts while drilling a total of 26 holes. A production of 
300 pieces per hour is realized. (Courtosy Barnes Drill Co* Rockford, III.) 
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a. The rate of prodixiion as expressed by the quantity of parts 
to be made over a period of time. 

b. The life of the product, 

c. The type of production, whether batch, semi-continuous, or 
continuous. Small lots tend to favor standard machines and a 
few operations to reduce setup time. Continuous production is 
usually associated with large quantities that often justify special 
machinery. 

d. The trend or future of the enterprise, 

4. The costs of the project. That selection is mandatory which 
assures the lowest unit cost, other conditions being equal. The unit 
cost is the total cost for a period, divided by the usable output for 
that period. The fectors which give rise to the cost are: 

a. The cost of the machine as reflected in its capital assessments. 

b. The cost of the labor to run the machines. 

c. The cost of maintenance, 

d. The cost of tooling. For instance, a milling machine may 
take the least time for finishing a surface on a casting, but the shape 
of the piece is such that a special fixture is necessary for holding it. 
A planer may take more time but may be preferable if it can be set 
up to obviate a fixture, especially if only a few pieces are required. 

e. The cost of setup and tear down. An example of a difference 
in this factor is found in a comparison between a turret lathe which 
may require a setup time of 2 hours for a job and an automatic screw 
machine requiring 6 hours for setup for the same task. 

f. The floor space occupied, 

g. The versatility of the machine or its promise of sustained value 
under different conditions. A special machine usually must be 
paid for entirely from the production of the article it is designed to 
produce. A standard machine adapted to a job may require a charge 
for only part of its cost against the job since it may be usable for 
other work also. 

5. The capacity required of the machine, including 

a. The ability of the machine to do the proposed work in an 
efficient manner. Thus, the turning of a shaft obviously calls for 
some sort of lathe, forming of sheet metal for some type of press. 
Then within each general class of machines there are often two or 
more types for different purposes. For instance, one type may be 
intended for general purpose work, another type for repetitive work. 
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This factor usually limits the choice to a narrow field from which 
the actual commitment is made on the basis of other considerations. 

b. The range of the machine to enable it to handle the size of 
workpiece and cover the desired area. Machines with comparable 
ratings in other respects may vary greatly in the size of work they 
will take. For instance, one manufacturer makes a line of four 
presses rated around 250 tons capacity each, but all differ in size, 
length of stroke, and working distance. The smallest is a coining 
press about 10 ft tall and weighing 12,000 lb. It has a 2 in. stroke 
and works through in. The short stroke is obtained through tog¬ 
gles, and the maximum force is realized at the bottom of the stroke. 
A general purpose press of the same tonnage capacity weighs 24,000 lb 
and is half again as high as the first. It has a 12-in. stroke and a 
5-in. working stroke. In the same tonnage range is a heavy duty 
press weighing 30,000 lb, with an 18-in. stroke and an 8-in. working 
stroke. The largest press in this line with 250 tons capacity is a 
double-acting press weighing 145,000 lb. Its outer ram is toggle- 
driven and the inner ram crank-driven. It has a 36-in. stroke, a 
16-in. drawing stroke, and is primarily used where the largest force 
must be exerted at some distance from the bottom of the stroke. 
The motor requirements go up in general proportion to the size. 

Most manufacturers furnish, in their catalogues or otherwise, 
detailed charts and specification sheets from which data may be 
obtained covering the range and capacity of each machine. A 
specification sheet for one make of manufacturing milling machine 
is shown in Fig. 157. For the various sizes of machines, such data 
as table size and travel, clearance distances, speed, feeds, and motor 
size are given. Such information is not only helpful in selecting the 
machine, but also as a guide for designing the tools which go on it. 

c. The ruggedness and strength of the machine or the ability of 
the machine to carry the load that must be placed on it. A machine 
may have to be light or heavy, depending upon the weight of the 
workpiece or the forces resulting from the cutting or forming opera¬ 
tion. As has just been shown machines rated to deliver the same 
force may differ in range and size and also in ruggedness and strength. 
Also, machines having the same range may differ in other respects. 
For instance. No. 2 plain milling machines all hive the range to 
cover about the same working area. Yet, some machines of that 
size are light in construction, designed for loads that can be served 
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Fig. 157 (continued) 

Fig. 157. Complete specifications for duplex Cincinnati hydromatics. (Courtesy Cincinnati Milling Machine Co., Cincinnati.) 
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Fig. 157 (continued) 
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by a 3-HP motor; others are moderately heavy; and some are built 
to be powered by as much as a 7J^-HP motor. A study of the cat¬ 
alogue specifications of a machine will usually reveal for what class 
of service it is suited. Obviously, a machine should be selected 
adequate for any particular purpose but not necessarily more rugged 
than required. 

Power presses are rated partly by the extreme forces that 
they are designed to deliver, in tons. Therefore, a factor in the 
selection of a power press is the calculation of the force required 
for the work to be done on it. Fonnulae, tables, and charts are 
available in handbooks and reference books for estimating these 
forces. To illustrate the procedure for stamping operations, the 
following example is given. 

Example 19; A flat punch and die have an action like tlrnt depicted 
in Fig. 158A. As the flat punch progresses through the stock, it meets 
more and more resistance. The force exerted builds up to a point where 
the resulting shearing stress exceeds the ultimate strength of the material. 



A 


B 


Fig. 158. (A) Diagram of the force exerted by a punch without shear. 

(B) Diagram of the force exerted by a punch with shear. 


PVactures take place almost instantly when the punch has reached the depth 
of penetration required for the material, and the force falls off to a very 
small amount. If friction is neglected, the maximum force for penetration is: 

F ^ LtS-= wDtS (69) 

where 

L total length of cut, in inches, 

D =» diameter of punch if it is roimd (or the sum of diameters if several 
punches are used), in inches, 
t s thickness of stock, in inches, 

S « shearing strength of material, in pounds per square inch. 



DETERMINING THE OPERATIONS OF A PROCESS 


351 


Thus, if a 3-in. diameter is to be blanked from a thick sheet of 
steel having a shearing strength of 60,000 lb per square inch by a flat punch 
and die, the maximum force required is 


/^max = tX 3X Vs X 60,000 - 70,686 lb = 35.34 tons 


However, shear is often put on punches or dies by inclining the cutting 
edges to distribute the load over a longer stroke and reduce the peak of the 
load. The action then is like that depicted in Fig. 158B. Only part of the 
punch is fully engaged at any instant, and the force exerted builds up to a 
smaller amount than for a flat punch. With shear, the penetrating force 
in pounds can be found from the expression 


F' = F,„„ X < X - (69a) 

V 

where 

p = percentage of penetration into stock n*3eded for shearing, obtainable 
from tables of material specifications, 

V = amount of shear on pundx or die, in inches. 

Equation (69a) does not apply for punches having shear (v) less than 
t X Vi since it is not logical that F' should exceed Fmax. An effect similar 
to shear may be obtainecl by staggering several punches in one die. Punches 
and shearing edges properly ground and staggered are assumed. 

Thus, if the material in this example must have 25 per cent penetration 
for shearing and shear is put on the punch, the maximum force is 

reduced to 


F' = 70,686 X X ^ = 35,343 lb = 17.67 tons 


In the event the die has heavy stripper springs, the load may be some¬ 
what higher. Generally, 10 per cent is considered sufficient for the extra 
amount.^ 


Problem 46. A piece having a peripheral length of 15 in. is blanked 
from 0.050-in. thick material having a shearing stress of 40,000 Ibs/in.^ 
What maximum force is required for each stroke with a flat punch and die? 

Problem 47. The material of Problem 46 requires a penetration of 
60 per cent for shcixring. If the punch is given a shear of 0.050 in., what 
maximum force is required? 

Problem 48. An elongated hole 2)4 hi. long has a radius at each 
end and is to be pierced in 20-gage cold-rolled steel of 0.15 C content. A 
shear of 0.026 in. is to be put on the punch. A stripper is exp)ected to 
increase the force 10 per cent. What tonnage capacity should the press 
have? 


d. The power of the machine determines the rate at which it 
can do the job or if it can do the job at all. AA investigation of 

1 Wm. H. Schutt, Process Engineering^ page 14. New York: McGraw-Hill 
Book Co., Inc., 1948. 
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power requirements must take into account the basic power consump¬ 
tion of the particular operation and the power losses in the machine. 

The exact amount of power likely to be needed for any opera¬ 
tion is difficult to forecast, but reasonably close estimates of needs 
can be made. Machine power losses must be estimated. The unit 
power consumption for many materials and typical cutting and 
forming operations have been studied. Available data are extensive 
and can be found in reference and handbooks. To illustrate the 
use of such data, the following two examples are given. 

Example 20: In a metal-stamping operation, the energy consumed by 
the punch penetrating the material is the working distance multiplied by the 
average force exerted, i.e., the area under the force-distance curve of Fig. 158. 
Such curves or even average forces are not easy to obtain for specific cases. 
Consequently, an approximate method is used to find the energy needed for 
stamping or shearing. The maximum force for a punch without shear is 
assumed to act over a distance equal to the depth of penetration for shearing 
the material. Thus: 

E = Fnm* XtXvXk (70) 

where 

E - energy for shearing the material (one stroke), in pound inches 
(or ton inches), 

E„mx = maximum force exerted by punch without shear, in pounds (or 
tons), 

t « thickness of stock, in inches, 

p = percentage of penetration into stock needed for shearing, 

A; = a factor to allow for energy lost in machine friction, in pushing 
slugs through die, etc. The amount of extra energy required 
depends upon the circumstances in each case. For general pur¬ 
poses a factor of 1,16 is advocated.^ 

It can be shown that Eq, (70) is applicable, even if shear is put on the 
punch or die, but the value used for Fmax must still be that which would exist 
if there were no shear. 

The energy to blank a 3-in, diameter piece from the J^in. thick material 
described in Example 19 is 

E « 70,686 XHX 0.25 X 1.16 
* 2,562.35 lb-in. 

= 213.53 Ib-ft 
~ 1.28 ton-in. 

Since the energy used for stamping is expended in a short period of time, 
it must be derived from the inertia of the flywheel. A basic expression for 

* Computations for Sheet Metal Working Operations, Brooklyn, N. Y.: E. W, 
Bliss Company. 
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the energy stored in a rotating flywheel with a rim that is massive as com¬ 
pared to the spokes or web is 


E' = 


^9 


(71) 


where 

E' = energy in flywheel, in units corresponding to other factors of the 
expression, in pound-feet, 

W «= weight of flywheel, in pounds, 

V = velocity of point on flywheel in feet per second, at a mean radius r, 


= wr, 

0 ) = angular velocity, in radians per second, 
g = acceleration of gravity (32.1 ft/sec*), 

The flywheel gives up energy by losing speed. The energy imparted by 
a change in velocity from Vi to V 2 is 

(72) 

49 

For intermittent operation a loss of 20 per cent in speed may be al¬ 
lowed; but for continuous operation a 10 per cent loss is considered the 
limit, because there is less time for the motor to restore the energy to the 
flywheel. If V 2 == O.8F1, which is the condition for a 20 per cent loss in 
speed, (Fi* — F2*) == 0.36 Fi^. Thus, for intermittent operation, the size 
and speed of the flywheel must be such that 

WV^ = 178.5^; (73) 

or = 2,345,000^ 

where 

r = the mean radius of the flywheel, in inches, 

N = rotating speed of flywheel, in r.p.m., 

E = energy, in pound-feet, 


For this specific case, where E = 213.53 Ib-ft, 


2,345,000£? = 5 X 10* 


A press having a flywheel for which the product Wr^N^ is at least 5 X 10* 
must be selected for this application. A number A2J^ press of one make is 
rated for 23 tons capacity, which should be sufficient to punch out the piece 
if ample shear is provided, according to the calculations of Example 19. 
That press has a 250-lb flywheel, which runs at 130 r.p.m. Its diameter is 
25 in., for which a mean radius of 11 in. may be assumed. For such a 
flywheel: 

TFrW * 250 X 121 X 16,900 = 5.1 X 10* 


Thus, the A23^ press has a large enough flywheel for the job if the action is 
only to be intermittent. 

A motor applied to a press must be powerful enou|h to replenish the 
energy in the flywheel between strokes. Thus, the motor horsepower is 
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P = 


En 

38,000 


( 74 ) 


where n = strokes of the press per minute. 

If the press for the operation under consideration is to make an average 
of 50 strokes per minute, 


P - 


213.53 X 50 
33,000 


0.323 HP 


The A2J4 press selected has a 1 HP motor, which should be ample. 


Example 21: The unit power consumption for many kinds of metal 
cutting operations in horsepower per cubic inch of metal removed per minute 
is available from reference books and handbooks. That information may 
l>e used as a guide in estimating the probable maximum requirements of 
specific metal cutting operations. 

A part of alloy steel having a B.H.N. of 200 is to be milled with a 5-in. 
diameter milling cutter, having four teeth of cemented carbide. The deptli 
of cut is 0.100 in., the width of cut 4 in., and the feed per tooth 0.010 in. 
A cutting speed of 500 s.f.p.m. is chosen. 

The horsepower at the tool may be found from the relationships^ 

Pc — aR^ (75) 

where 

Pc = horsepower at the cutter, 

R = rate of stock removal, in cubic inches per minute, 
a = horsepower at the cutter when the rate of stock removal is 1 in.min, 
m = slope of the curve, or exponent for the rate of stock removal, R, 
The rate of rotation of the cutter is approximately 


4 X 500 
5 


40() r.p.ra. 


and the unit stock removal is 


/iJ = 4 X 0.1 X 0.010 X 4 X 400 = 6.4 in.Vmin 
For this materiaP 

m = % and a = 2.00 average 
Therefore, Pc = 2 X 6.43/4 = § HP 

If the efficiency of the machine is assumed conservatively to be 80 per cent, 
the power delivered by the motor must be 10 HP. 

^Tt should be remembered that in long production runs, cutters wear 
constantly and get dull. This wear . . . will increase the power require¬ 
ment, at times, as much as 75 per cent. . . . For this reason it is inadvisable 
in most cases to begin machining a large lot of workpieces with an overload 
on the machine. 4 


* A Treatise on Milling and Milling Machines^ Vol. II, page 273. Cincinnati, 
Ohio: The Cincinnati Milling Machine Co., 1946. 

4 A. O. Schmidt, ^Trends in Modern Milling Machines,” The Tool Engineer^ 
March 1949, Vol. XXII, No. 3, page 17. 
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On the other hand, it is desirable to work a machine as near to capacity 
as possible for efficiency. Judgment must be exercised in the choice of a 
machine on the basis of computed horsepower requirements. One manu¬ 
facturer® makes the following recommendations for rates of power consump¬ 
tion: 

“Rated capacity for continuous operation. 

“25 per cent over the rated capacity for normal operation, 

“50 per cent over the rated capacity for intermittent operation, 5 min 
maximum period. Minimum idle time, between cuts, should equal H the 
cutting time. 

“75 per cent over the rated capacity for intermittent operation, 1 min 
maximum period. Minimum idle time between cuts should equal the 
cutting time.’’ 

Problem 49. A workpiece of medium steel is to be milled with a 12-in. 
diameter carbide milling cutter having 12 teeth. A surface speed of 350 
s.f.p.m. and a feed of 0.012 in., per tooth are to be used. The surface is 
8 in. wide. The machine efficiency is taken at 75 per cent. What should 
be the capacity of the driving motor? 

Problem 60. A high-speed steel form relieved cutter 6 in. in diameter 
must remove S.A.E. 1020 steel of 165 B.H.N. at the rate of 4 in.Viffin. The 
machine efficiency is 80 per cent. Wliat should bo the motor capacity? 

Problem 61. A 10-in. diameter face mill with 8 ceinented-carbide teeth 
is to be used to mill a 6-in. wide surface of cast iron having a B.H.N. of 190. 
A deep cut is necessary. For machine efficiency of 80 per cent, what 
motor capacity is required? 

f 

6. Distinct advantages offered by one machine over others that are 
otherwise suitable for the job. This may be based upon the reputa¬ 
tion or performance record of one make and kind of machine as 
compared with competitors. Generally speaking, good-grade ma¬ 
chine tools are well matched, although for some specific purposes one 
may give superior results, which may be in the form of: 

a. Dependable service. It is only natural for an engineer to 
rely on machines that have stood up well for him in the past. 

b. Ease of operation. Controls are more convenient and re¬ 
quire less effort on some machines than on others. 

c. Safety to the operator, 

d. Consistently accurate results. It is not unusual for one 
kind of machine, because of its design or construction, to perform 
more accurately or stand up better for certain kinds of operations 


» Ibid, 
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than others. Most designers and machine builders have their own 
ideas about what parts should be favored in a machine tool and 
carry them out in proportioning their products. 

e. Better finishes j because of extra rigidity built into a machine. 

7. The availability of the desired machine or equipment. If a 
machine is already in the plant, and only a few pieces are to be made, 
it is usually more desirable to use it, even though more efficient ones 
for the service are obtainable, rather than consider getting another. 
Even for larger quantities it is not always wise to tie up capital in 
new equipment if the equipment on hand will dp nearly as well. In 
jobbing shops particularly, the best shift must usually be made of 
available equipment for aU kinds of work. In many cases this is 
the most important consideration, because there is no point in work¬ 
ing out an otherwise ideal selection and then finding that the required 
equipment is not available. In selecting a machine because of its 
availability care must be exercised that: 

a. The machine is not already overloaded. If it is already 
working to capacity, it is not a likely candidate for another job. 

b. The particular machine is the one in the most desirable location 
for the process for which it is being considered. If several machines 
are available, a judicious choice of one located near the other equip¬ 
ment used in a process may save an appreciable amount in handling 
and moving material. 

c. The machine is in good condition. A worn-out machine, 
used as a stand-by, is not a desirable choice. An obsolete machine 
may prove a decided handicap. 

d. Necessary work handling fadlitieSy cranes, hoists, or convey¬ 
ers are in the neighborhood of the machine. This may be a major 
factor for heavy work. 


SUMMARY 

A process consists of a number of items grouped together into 
operations, each of which must discharge certain obligations in the 
most efficient manner under the prevailing circumstances. To deter¬ 
mine what form shall be given to each operation, the planner must 
decide which requirements each is to satisfy. A logical procedure 
for doing that is to: 

1. Classify the items according to typical operations, which are: 
a. Founding operations. 
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b. Enterprise protection operations. 

c. Critical manufacturing operations. 

d. Placement operations. 

e. Tie-in operations. 

f. Assembly operations. 

(All types are not found in every process.) 

2. Divide the items of each class into groups which can be taken 
care of on general types of equipment or by accepted practices. 

3. Form the operations from the items of each group. The num¬ 
ber of items that can economically be put into an operation depends 
in a large part upon the machine selected, on the basis of: 

a. The work to be done. 

b. The workpiece. 

c. The tenure of the operation. 

d. The cost of the project. 

e. The capacity required of the machine. 

f. Distinctive advantages. 

g. Availability. 

For simple parts, only a few steps and considerations may be 
necessary. For complex parts, adherence to the procedure is helpful 
in simplifying the task. 

Example 22: An analysis of the operations for making the gear of 
Fig. 135 will exemplify the procedure for setting up operations. It should 
be understood that this is only one case. In no single instance, nor even 
in a few, can the idiosyncracies of all processes be displayed. The applica¬ 
tion of the principle to each plan calls for the exercise of judgment and a 
knowledge of the techniques of the particular process. 

Except for very small quantities, the gear would be machined from a 
forging not only from the standpoint of economy but also because the forg¬ 
ing provides the means for shaping the grain structure to conform to the 
lines of the object and imparts the maximum structural strength to the 
particular design. For the subsequent manufacturing operations the pre¬ 
liminary requirements can be stated as; 

1. The critical manufacturing operations must include means for: 

a. Facing the ends of the hub. 

b. Drilling and boring the hole. 

c. Facing both sides of the rim of the gear. 

d. Turning the outside periphery of the gear. 

e. Turning the 2-in. diameter of the hub. 

Where surfaces must be ground, adequate stock must be left at this stage. 
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Related surfaces that can logically be machined along with the critical 
surfaces should be included also in the critical manufacturing operations. 
In this case, such surfaces are: 

f. The 1^-in. diameter on both ends of the hub. 

g. Both sides of the web. 

h. The inside diameters on both sides of the gear. 

i. The radii on four edges of rim; the radii blending 

into web; and the %-in. radius and radius at ends of 2-in. diameter. 

2. The placement operations must make provision for: 

a. Carburizing the surfaces to be case hardened. 

b. Reheating the gear for hardening. 

c. Quenching the gear while holding it in a die to control distortion. 

In addition, some means must be provided for leaving soft the surfaces 

which are not to be hardened. There are several techniques for doing that. 
Copper-plating alone should be adequate for the outside hub and web sur¬ 
faces. This method is not as positive as the one in which sufficient stock 
to absorb all the case is left to be cut off after carburizing and before harden¬ 
ing. The latter method, which may be combined with copper plating for 
convenience should be applied to the hole to assure that no hard spots will 
remain to ruin the broach, an expensive tool. Thus, to meet these require¬ 
ments and others, the placement operations should also include provision 
for: 

d. Copper-plating surfaces not to be hardened. 

e. Deplating. 

f. Sandblasting to remove scale. 

g. Cleaning and degreasing to prepare parts for heat treatment. 

3. The tie-in operations must include means for fulfilling specifications 
of the finished part, including: 

a. Cutting the gear teeth. 

b. Finishing the teeth. 

c. Lapping or touching up the gear teeth if they are finished (shaved) 
before heat treatment. 

d. Cutting spline. 

e. Countersinking ends of hole. 

f. Grinding outside of gear, 2-in. diameter, and end faces of hub. 

g. Polishing or otherwise finishing after heat treatment all surfaces 
not ground. 

The tie-in operations must also meet requirements of placement opera¬ 
tions such as: 

h. Qualifying by grinding face of rim and end of hub on the same side 
for location in quenching die. 

i. Removal of excess stock fix)m the hole between carburizing and 
hardening. 

The tie-in operations may also include grinding of the hole to prepare 
it as a locator, thus: 
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j. Grinding the hole before heat treatment instead of reaming it to 
close tolerances as a preliminary locator. 

k. Grinding hole after heat treatment to align it with other critical 
surfaces and prepare it as a final locator. 

4. For enterprise protection operations, the reciuiremeiits to be met 
include; 

a. Inspection of raw materials (forgings). 

b. Storage of forgings. 

c. Inspection of machined parts before heat treatment to assure 
proper preparation for placement operations. 

d. Inspection of surfaces machined between carbuiidng and hardening. 

e. Inspection after hardening. 

f. Washing finished piece. 

g. Final inspection. 

From the foregoing classification of the requirements to produce the gear 
of Fig. 135, substantial outline, can be given to the necessary operations, 
although the actual selection of equipment and machines and the final form 
of the operation depends upon other conditions present in each case. Two 
critical manufacturing operations are indicated, one for the surfaces of each 
side. For small or moderate production, turret lathes arc appropriate. I\)r 
quantity production, automatic turret lathes or chucking machines would 
probably be found most efficient. The preliminary outline of the two critical 
operations indicates that they shall be: 

1. Chuck on long end of forged hub with hardened, serrated jaws and 
locate against rim. 

Turn outside diameter of the gear. 

Face rim, web, and short end of hub. 

Bore inside of rim and turn outside of short hub. 

Drill and bore the hole. 

Form radii on one side. 

Countersink hole X 45°. 

2. Chuck on turned O.D. and locate against rim. 

Turn two diameters on long end of hub. 

Face end of hub, web, and rim. 

Form radii on one side. 

Countersink hole >i6'in. X 45°. 

The placement operations will include those for plating, deplating, and 
heat treatment, having a prescribed form similar to that of Fig. 140. 

For the tie-in operations, the following considerations will apply: 

1. The surfaces ground before heat treatment for location in the quench¬ 
ing die can most reliably be finished together to insure parallelism. These 
surfaces are the end of the short hub and the rim face on the same side. As 
they are prepared suitably as locators, in conjunction with the hole, for the 
gear-cutting operation, they may very well be ground at the same time as 
the hole. Standard internal grinders can be arranged readily to grind all 
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three surfaces in one setting. The advantage in accuracy gained by grinding 
the hole together with these other surfaces makes grinding worth considering 
in place of reaming the hole for size in the critical manufacturing operations. 

2. Cutting of the gear teeth, whether by bobbing or shaping, is a spe¬ 
cialized function that, on conventional machines, is performed as a separate 
operation. 

3. Finishing of the gear teeth is likewise a specialized function. Shav¬ 
ing before heat treatment or grinding afterwards may be chosen, depending 
upon available equipment and quantity requirements. 

4. Removal of the excess stock and countersinking of the ends of the 
hole, occurring between carburizing and hardening, can easily be done to¬ 
gether on one machine. 

5. After hardening, the hole and face of long end of hub are ground for 
location. Best results in holding the relationship between these two locat¬ 
ing surfaces is secured by grinding them together, which can be conveniently 
arranged on standard internal grinders. 

6. The end of the short hub is best ground by itself on a surface grinder 
because of the location. 

7. The outside of the gear and the end diameter of the hub, because of 
their difference in size are most conveniently ground separately on standard 
cylindrical grinding machines. If production requirements are high enough 
to warrant it, a cylindrical grinder may be arranged to grind these two simul¬ 
taneously in one operation. 

8. Lapping of the hardened gear teeth is a specialized operation per¬ 
formed separately. 

9. Cutting the spline is likewise a specialized operation individually 
performed on specialized equipment. It may be shaped or broached, de¬ 
pending upon equipment available and justified equipment investment. 

10. Finishing of the unground surfaces, polishing and burring, requires 
little equipment. It may be done in one operation or split into several in 
order to promote specialization. 

No attempt so far has been made to specify exactly the sequence that the 
various operations will assume in the process. That is the next considera¬ 
tion that should be given to them. 

Problem 62. Specify the operations to machine the casting of Fig. 5. 
The production rate is 5,000 per month. 

Problem 53. Specify the operations to make 500 a month of the brack¬ 
ets of Fig, 136, 

Problem 64. Specify the operations to make 250,000 a year of the 
valve caps of Fig. 137. 

Problem 66. What operations are required to make articulated rods, 
shown in Fig. 138, (a) if 1,000 a month are required? (b) if 15,000 a month are 
required? 
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Problem 56. The universal joint spider of Fig. 139 is to be case hardened 
and finish ground on the 0.6282-0.5278-in. diameters and 0.879-0.877-in. 
shoulders. Specify the operations to make (a) 120,000 spiders per year, 
(b) 1,200,000 spiders per year. 

QUESTIONS 

1. Name six classes of typical operations. 

2. What is meant by ^‘founding operations'^ 

3. What are * ^enterprise protection operations”? 

4. What are “critical manufacturing operations”? 

5. What rules should be followed in setting up critical manufacturing 
operations? 

6 . What are “placement operations”? 

7. Who often devises the forms of placement operations? 

8 . What are “tie-in operations”? 

9. What principles apply to tie-in operations? 

10. What are “assembly operations”? 

11. What significance is there to classifying requirements according to 
typical operations? 

12. What circumstances make it possible to break down the items in a 
class of typical operations into special groups? 

13. What economic considerations enter into the allotment of work to 
an operation? 

14. Why must machine selection be considered in assigning work to an 
operation? 

16. What are the principal considerations in the selection of a machine? 

16. How does the nature of the work to be done enter into the choice 
of a machine? 

17. How does the nature of the workpiece affect the choice of a machine? 

18. What influence does the expected tenure of an operation have upon 
the selection of a machine? 

19. What costs should be considered in choosing a machine tool? 

20. What must be considered in regard to the capacity of a machine tool? 

21. Are range, ruggedness, and power always the same for the same classes 
of machine tools? Explain. 

22. What are some of the criteria of capacity of power presses? 
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23. In general, how is the power needed for a metal-cutting operation 
estimated? 

24. What distinct advantages may be offered by one make or kind of 
machine tools over others? 

25. When may the availability of a machine tool be important? 

26. What precautions must be taken in selecting a machine tool because 
of its availability? 

27. Describe a logical procedure of allocating the requirements of a job 
to efficient operations. Is the full procedure always necessary? 
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12 DETERMINING THE SEQUENCE OF 
OPERATIONS OF A PROCESS 

The general procedure 

The first step in laying out a process has been shown to be that 
of finding the requirements. The second step is to organize the 
requirements into operations. The third step is then to find the 
proper sequence of the operations. That can be done by building 
the process in a manner similar to putting together a jigsaw puzzle, 
using the operations as the pieces. First, the terminal points are 
found, then to them are fitted the operations that obviously adjoin. 
Between them, the other operations fall into natural positions. 

Thu terminal points 

In the first step of process planning, the requirements are found 
from blueprints and other specifications. They evidently prescribe 
the end point of the process. Their satisfaction is to be proven by 
the final inspection operation at the end of the process. Also, the 
form of the raw material must be ascertained. That is the start of 
the process. If these two conditions are set down, as indicated in 
Fig. 159A, the terminal points of the process are defined. 

The beginning of the process 

Before any time and money are expended for working materials, 
they should be checked against specifications. Also, a bank of mate¬ 
rials is normally accumulated so that once production is started, it 
will not lose momentum from lack of material. Obviously, then, the 
primary concern after procurement of the workpiece .from the found¬ 
ing process is to subject it to appropriate enterprise-protection opera¬ 
tions. These are represented by the second insertion of Fig. 159B. 

The purpose of the initial manufacturing operations is to estab¬ 
lish the critical areas and provide locating surfaces for subsequent 
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work. Therefore, the critical operations must be performed as early 
as possible in the conversion sequence. Their insertion, the third, 
is shown also in Fig. 159B. 

The placement operations 

It is now evident that the placement operations that have been 
determined must appear between the critical operations and the end 
of the process. Outside of their relationship to each other, which 
is usually inherent in their make-up, their exact position is not yet 
important. Gaps may be left in the plan to receive the tie-in opera¬ 
tions needed for the rest of the process. The situation as it now 
stands is shown by Fig. 159C. If no placement operations are 
needed, obviously this step is omitted. 
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PROCESS 

A 
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Fig, 159. (A) First step in setting up the sequence of operations. 

(B) Second step. (C) Third step. (D) Completed sequence of opera¬ 
tions. 
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Completing the plan 

Tie-in operations are essentially preparatory operations. Some 
serve to condition the workpiece for treatment in placement opera¬ 
tions; others may adapt the product to conform to the final require¬ 
ments after it comes from critical manufacturing or placement opera¬ 
tions. The general position of a tie-in operation is usually indicated 
by the purpose for which it is intended. For example, a tie-in opera¬ 
tion preparatory to a placement operation should naturally precede 
it. Thus, the arrangement of the tie-in operation usually serves to 
fill in the plan of the process as shown in Fig. 159D. 

Not infrequently, several tie-in operations may be allotted to a 
given space within the process plan. Their arrangement within the 
space in relation to one another is usually a matter of convenience. 
It may, for instance, be desirable to arrange them to conform to the 
positions of the machines in the shop. Again, it may be convenient 
to place them with respect to each other to favor the particular 
techniques employed. As an example, two tie-in operations may 
consist of each drilling one of two intersecting holes. If one hole is 
large in diameter and the other small, it is proper to drill the large 
one first, so as not to throw the burr into the smaller hole where it 
is less accessible. 

As a final stage in filling out the steps of the process plan the 
remaining enterprise protection operations may be entered in ap¬ 
propriate positions. 

Example 23: Figure 160 shows the order in which the operations for 
making the starter gear of Fig. 135 are considered to reach a logical sequence 
for the entire process. Actually, there would be no need to enter the opera¬ 
tions in separate columns. They would normally be written on the route 
sheets with ample spaces between them for filling in those remaining. They 
are charted in Fig. 160 to emphasize the stages of the thought process em¬ 
ployed. 

As the first step, the known initial conditions of the preparation or pro- 
(jurement of the forging, inspection, storage of the forging, and final inspec¬ 
tion are listed at the extremities of the as yet otherwise unknown sequence. 

Next, the critical manufacturing operations that have been outlined in 
Example 22 can be set down as beginning the machining phase of the process. 
After that, the placement operations of carburizing and hardening, in the 
third column, can be placed in the interval to allow adequate space for 
insertion of the remaining operations. 

As shown in the fourth column, the tie-in operations are arranged and 
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Fig. 160. Sequence of operations required to manufacture the starter gear 

in Fig. 135. 
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inserted as appropriate. To complete the process, the remaining enterprise 
protection operations are entered. 

Problem 67. Problem 52 calls for the operations needed to machine 
the casting of Fig. 5 for a production rate of 5,000 pieces per month. Ar¬ 
range the operations in proper sequence. 

Problem 68. Problem 53 calls for the operations to make 500 a month 
of the brackets of Fig. 136. Arrange the operations in proper sequence. 

Problem 69. Solve Problem 54 to find the operations to make 250,000 
a year of the valve caps of Fig. 137, then arrange the operations in proper 
sequence. 

Problem 60. Set down in order the operations to make articulated rods, 
shown in Fig. 138. The operations are found from the solution of Prob¬ 
lem 55. 

Problem 61. Arrange the order for the operations for making the spider 
of Fig. 139 in the manner specified in Problem 56. . 

QUESTIONS 

1. Outline the general procedure for determining the sequence of opera¬ 
tions of a process. 

2. What are the terminal ix)int8 of any process? 

3. Where should the critical operations come in a process plan? 

4. What disposition can be made of the placement operations? 

6. Where do the tie-in operations fall into the pattern of a process? 
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The purpose of workpiece location 

In interchangeable manufacture, tools and machines are arranged 
to carry out definite routines. For consistent results, all work- 
pieces must be presented to the tools in an operation in as nearly 
the same position as possible. To fulfill this purpose, means must 
be provided to locate enough surfaces on each object to give it a 
fully defined placement to which it can be held securely. 

Common surfaces have the forms of planes, cylinders, and cones. 
Sometimes special types of surfaces are found. The surfaces occur 
in many arrangements. A block may be made up of perpendicular 
planes; a shaft may have one or more cylindrical surfaces in its 
length, bounded by planes, with conical centers or round holes in 
the ends; and a gear may have inside and outside cylindric^al surfaces, 
planes, and involute surfaces. To cope with the many possibilities, 
many locating means have been devised, but the key to all of them 
is found in the principles of locating. 

The requirements for location 

Confinement alone does not insure location. For instance, a piece 
may be gripped in a chuck with one end extending into the hole in 
the chuck body, but backed against no support. If its front end has 
not been set to a stop, the piece cannot be said to be located, although 
it is held securely. If the piece is removed and another one put 
in its place, there is no way of setting the second in the same position 
as the first. Thus, the first requirement for location is that there 
be a suitable number of points to position each piece of a series in 
as many co-ordinates of space as the operation requires. The choice 
of locating points must take into consideration: - 

1. The six possible degrees of freedom and the criteria of their 
restrictions. 
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2. The relative merits of available points for location. 

3. The condition of the locating surfaces. 

4. The shape of the part. 

5. The surfaces to which registration is required. 

The test of a locating device is how well it satisfies these con¬ 
siderations for any particular application. Fundamental locating 
means will be analyzed in this respect. 


CONSIDERATIONS IN THE CHOICE OF LOCATING POINTS 

The six degrees of freedom 

A free body may move in any direction, like Oc of Fig. 161. If 
three arbitrary axes are selected, any movement, Oc, can be realized 

by three equivalent movements, Oa, ah, 
and be, in the co-ordinate directions. 
Restriction of movement in three axial 
directions prevents linear motion in any 
direction. 

A free body may also rotate, independ¬ 
ent of or without any directional move¬ 
ment. A position reached by an object 
by rotation in any manner may be ar¬ 
rived at by suitable rotations about 
three perpendicular axes. This may be 
illustrated by the punch press frame 
that has been placed on a boring ma¬ 
chine table in the position shown in Fig. 
162A. It is to be placed on its base 
with the crank bores in line with the machine spindle. This may be 
accomplished by three rotations, each about one of three axes in the 
following manner. The first is rotation about a horizontal axis* per¬ 
pendicular to the axis of the machine spindle, to reach the position 
shown at B, Next the casting is revolved about an axis parallel to 
the spindle to place its base upon the table, as shown in C. Then a 
rotation about the vertical axis puts the bores in the desired position, 
like in D. That linear movements may accompany some of the rota¬ 
tions is incidental, as the same rotations could.obviously be made if 
the frame were a free body in space. Also, if no rotation were per- 



Fig. 161. Movement in 
any direction is equivalent to 
movements in three co-ordinate 
directions. 
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mitted about the co-ordinate axes, rotation about any axis would not 
be possible. 

Careful studies have shown that any possible change in the posi¬ 


tion of a body can be duplicated 
by not more than six elementary 
movements, three translations and 
three rotations with respect to 
three co-ordinate axes. Six may 
not always be required, but no 
more than six are ever absolutely 
necessary. Perfect freedom de¬ 
mands that all six movements be 
permissible. The lack of any one 
of the motions means some losfe of 
freedom. Prevention of all six is 
essential for complete confinement. 

Restriction of freedom 

Location is established when a 
suitable number of points on an 
object are held to prevent any pos¬ 
sible motion. Consider a ball free 
in space, like Fig. 163A, and hav¬ 
ing all six degrees of freedom. For 
convenience three legs or knobs 
are attached. If one of the legs is 
brought in contact with a horizon¬ 
tal surface and held against it, 
translation is possible horizontally, 
but not vertically. At least some 
rotation is possible in any direction 
around the contact point. Now, 
if two and then three legs are 
brought in contact with the same 
surface and held there, like in Fig. 
163B, two and then three degrees 
of freedom are eliminated. Only 
sliding along the horizontal surface 
and rotation around a vertical axis 
remain. If in addition a vertical 




Fig. 162. A punch press frame 
aligned with spindle of boring 
machine by three rotations about 
coordinate axes. (A) The original po¬ 
sition of the frame on the boring ma¬ 
chine table. (B) The position of the 
frame after it has been rotated about 
an axis perpendicular to the machine 
spindle axis. (C) The position of the 
frame after a second rotation, abput a 
horizontal axis parallel to the ma¬ 
chine spindle axis. (D) The position 
of the frame, with its crankshaft holes 
in line with the machine spindle, after 
the third rotation, about a vertical 
axis. 
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surface is introduced and one of the legs is held in contact with it 
(the three still being maintained in contact with the horizontal 
surface), one horizontal movement is removed. Then, two legs in 
contact with the same vertical surface, like in C, eliminate the final 
rotation and only a single motion, horizontal sliding, remains. Fi¬ 
nally, if one leg is held against two vertical planes, like in D, and the 
other legs continue to contact the surfaces previously described, all 
movements are precluded and complete location is established. 

As has just been illustrated, each point of location eliminates 
one degree of freedom, up to six points that are necessary to with¬ 
hold all freedom. More locating points serve no purpose and, as 
will be shown, may be detrimental. 

Proper placement of locatins points 

The principle which defines \h.e most suitable points for location, 
of all that may be chosen, was stated by Clark Maxwell in 1876: 

^Tf one of the bearings (by which a three-legged part is located) 
were removed, the direction in which the corresponding point of the 
instrument would be left free to move by other bearings must be as 
nearly as possible normal to the tangent plane at the bearing.^' 

The meaning of this quotation can be explained by reference to 
Fig. 163D, which depicts a satisfactory condition of location. The 
tangent planes at the points of contact are the bearings. If one of 
the legs is moved away from a point of contact, without change in 
the other points of contact, movement must take place in a direction 
perpendicular to the plane from which the disconnection is made. 
For instance, if one of two balls is raised from the horizontal surface, 
it can only rise vertically as long as it maintains contact with the 
vertical surface and the other two legs continue to touch as before. 
The outside leg may slide, and the large ball may move and turn. 

As Fig. 163 indicates, the most satisfactory locating points are 
those in mutually perpendicular planes. Other arrangements are 
possible, but not as desirable. For instance, three points instead of 


Fig. 163. An illustration of how locating points eliminate freedom of motion. 
(A) A ball unconfined in space has six possible degrees of freedom. (B) The 
three small balls, as legs, are held in contact with a horizontal s^irface, and three 
degrees of freedom are lost. (C) If two small balls are also held against a vertical 
surface, five degrees of freedom are lost. (D) If one ball is also held against an¬ 
other vertical surface, perpendicular to the other, all freedom is removed. 
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being in one plane may lie in two or three parallel planes; also, a 
plane containing one or more locating points may be oblique to one 
or both of its companion planes. It will be found that any such 
displacements are prone to increase locating errors. 



A B 

Fig. 164. How normal errors are increased by location taken from 
other than a vertical plane. A wedging action also results. 


Figure 164 illustrates two disadvantages of locating from other 
than perpendicular planes. At A, location is taken on an inclined 
plane, with a consequent wedging action that tends to lift the piece. 


Between the locating button and 
the workpiece is a particle of 
thickness t. The horizontal error 
from it is e, which is greater than 
the direct error t introduced in 
arrangement B, 

The 8-2-1 principle of location 
is the practical summation of the 
theory of location. It may be 
stated in this manner: To locate a 
piece fully, place and hold it 
against three points in a base 
plane, two points in a vertical 
plane, and one point in a plane 
square with the first two. Suitable 
surfaces may serve as the points. 



Fig. 165. The 3-2-1 principle of 
location applied to a piece with rec¬ 
tangular sides. 


This principle is most readily illustrated by the location of a 


piece with rectangular sides, as sketch^ in Fig. 165. The piece 


is first placed on points 1, 2, and 3, preferably on its largest face 



PRINCIPLES OF LOCATING 


375 


for stability. When held against these points, it is prevented from 
tilting about any horizontal axis and from moving up or down. Then 
it is brought against the two locators 4 and 5 in a plane perpendicular 
to the base, which eliminates two more freedoms. Finally, positive 
contact with locator number 6 completes confinement. 

Because of its name, the principle is easy to remember and apply 
to checking the sufficiency of locating means. It calls for three 
points in one plane, two in another, and one in a third and urges that 
those planes be square with each other and that the points be spaced 
as far apart as possible. 

The condition of locatins surfaces 

The condition of locating surfaces on a workpiece must be con¬ 
sidered in choosing the form of locator. There are three general 
classes of workpiece surfaces. They are: 

1. Finished surfaces that have dependable geometric truth and 
linear tolerances. 

2. Semi-finished surfaces that have been machined, but are 
subject to appreciable deviations from truth. 

3. Rough surfaces which are unmachined and show wide varia¬ 
tions. 

Finished faces of limited sizes may be placed against fully con¬ 
tacting surfaces. That is, they may be located against planes, 
instead of on the equivalents of separate points. Thus, in Fig. 165, 
a plate encompassing the entire base of the block might well be used 
instead of the buttons i, and S, Where buttons are used as base 
plane locators against a finished surface, there are good reasons to 
use four instead of three. This is represented in Fig. 165 by buttons 
a, b, 2^ and S instead of just 1, 2, and 3, For very large finished 
surfaces, four or more pads may serve as the base plane. 

More than three points in a plane do not improve location, but 
may promote stability and give extra support. An analogy is found 
in the comparison between a four-legged chair and a three-legged 
stool. The chair is much less prone to tip on a level floor, but will 
rock on an irregular surface whereas the stool will take a sure stance 
on any footing. Similarly, if the four buttons q, 6, 2^ and 3 in 
Fig. 165 are used to locate a finished surface, it is more difficult to 
tip the piece than if the three points 1, 2, and 3 are used. A stray 
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chip on one button causes the piece to rock on the four-button sup¬ 
port and gives warning of its presence, but no sign of it is shown in 
the way the piece settles on three supports. 

Although an excess of locating points may have advantages, 
it also has disadvantages. With four buttons in one plane, for in¬ 
stance, a noticeable unevenness occurs if one of the buttons, because 
of Avear or faulty construction, does not lie in the plane determined 
by the other three. If a piece is clamped firmly on to such locators, 
it may warp; if not secured enough, it may shift under cut. 

A rough surface on more than three points in a base plane is like 
a chair on an uneven floor. More than the minimum number of 
points in any plane give rise to complications in locating rough 
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Fig. 166. A relieved locator for a rough surface. 


surfaces, even sometimes in locating semi-finished surfaces. A con¬ 
tinuous surface in contact with a rough piece, like Fig. 166A, presents 
the possibility of contact at a large number of spots. Only the 
high spots of the rough surface are brought to bear. The piece is 
registered only from the extreme projections, and the likelihood of 
rocking and shifting is obviously increased. A relieved locator, 
like Fig. 166B, offers means of getting closer to the average plane of 
the rough surface and holding the piece in a stable position. This 
same idea applies, of course, whether the plane is one having 1, 2, 
or 3 locating points. The specific points for locating the rough 
surfaces of a casting may be qualified by pads, as shown in Fig. 122. 

The principle of least points. These examples illustrate a prin¬ 
ciple. No more points than necessary should be used to secure 
location in any one plane. The 3-2-1 principle prescribes the neces¬ 
sary minimum. More can be used, and commonly are, for finished 
surfaces. However, whenever more are used, the extra ones should 
only be inserted because they serve a useful purpose, and care must 
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be taken that they do not impair the location. Where extra sup¬ 
ports are needed but interfere with location, if fixed, they should 
be made adjustable. 

The principle of extreme positions. It should be noticed that 
in Figs. 165 and 166 the contact points are at the extremities of the 
surfaces to be located. That conforms to the principle that locating 
points should be chosen as far apart as possible on any one surface. 
This is desirable because, for a certain displacement of any point 
with respect to another, the resulting misalignment decreases as the 
distance between the points is increased. 

The shape of the part 

The shape of a workpiece determines to a large extent the kind 
of locator suited for it. As will be shown, each type of locator takes 
care of certain shapes most conveniently. 

The surfaces requiring registration 

A basic principle of metal processing is that a part should be 
located in an operation from areas most directly connected to the 
surface or surfaces treated in the operation. This principle is carried 
out in the use of critical areas as locators for other surfac^es throughout 
a process. 

This principle may be illustrated by a simple case. A surface A 
is to be finished to a dimension a, with a tolerance fi, from a surface B. 
If location is taken from surface the tool to finish A will have to 
perform on each piece only within the tolerance h. On the other 
hand, if another surface C is used for locating, it must be expected 
to vary in its position from 5 by a tolerance ^ 2 , and the tool must 
finish A with respect to the surface C from which it is set to a toler¬ 
ance < 3 . The variation of h must be smaller than ti, since k + h 
must not exceed h if all workpieces are to have the dimension a 
within limits specified. Thus, if C is used as the locating surface 
more accurate performance is required than if B is the locating 
surface. 
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FUNDAMENTAL LOCATING ARRANGEMENTS 

V'locatore 

A true cylinder lying on a plane, like in Fig. 167, loses two degrees 
of freedom. It may remain on the plane and still move in any 
horizontal direction and rotate about its own axis and a vertical 
axis. If in addition the cylinder is brought against a vertical plane, 
like in Fig. 167B, four degrees of freedom are eliminated. 



Fig. 168. A jig of welded construction for drilling and reaming a 
*)8-in. diameter hole axially through the body of a casting. The barrel 
or body is located in the double-V block. Drill thrust is taken against 
the head of the fixed reamer bushing; reamer pressure by the screw 
bushing. Drill torque is count-eracted by havifig the flange of the 
piece secured in a slot in the body. 

The pieces are made occa.sionally in small quantities. The jig legs 
are unhardened extensions of the machine steel body. Screw clamp¬ 
ing, although slow, is justified by the low production. 


For a cylinder located from perpendicular planes, like Fig. 167B, 
only two points are effective in each plane. Consequently, two V’s, 
like a and h of view C, near the ends of the cylinder are fully as 
effective. In fact, they are preferable if the cylinder is not entirely 
true. On continuous planes, a rough bar is likely to make contact 
at points between its ends and be subject to rocking. A superfluous 
V, like the one shown by dotted lines at c in Fig. 167C, may cause 
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the same sort of instability if either the piece is not straight or the 
locators are not exactly in line. A rough body aligned in two' 
V-locators is shown in Fig. 168. 

An end stop, like d of Fig. 167 or the fixed bushing of Fig. 168, 





Fig. 169. A setup for moderate quantities. The flange of the casting is to 
be faced square with the axis of the hole which is mounted on an arbor placed in 
a standard V-block fixture. (Courtesy Hartford Special Machinery Co., Hart¬ 
ford, Conn.) 
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eliminates a fifth degree of freedom. There still remains rotation 
about the axis of the cylinders. This may be impeded by friction 
if the piece is .pressed against the V's by a clamping force, but that 
does not constitute true location as it does not provide means for 
placing each piece in a definite angular position. However, unless 
there is some mark, projection, or hole on the surface of the cylinder 
to which reference is desired, there is no need for angular disposition. 
The flange of the piece of Fig. 168 is inserted in the slot in the jig 




Fig. 170. A drill jig for a small connecting rod. The swinging leaf 
carries the drill bushings and is guided at both ends in slots in the jig 
body. The workpiece is located between V-blocks, one fixed and th<^ 
other movable. The contact fac?es of the V^s are tapered to assist in 
holding the workpiece down. 

body, not for angular location, which is irrelevant to drilling the hole 
in the center of the body, but to take the drilling torque. The 
primary object of locating a round body in V-blocks is to place its 
axis in a definite position. This is all that is necessary for initial 
cross drilling, drilling or turning concentric with the axis, or facing. 
In Fig. 169, a standard type of V-block fixture locates a mandrel 
fitted in the hole oi a casting so that a fiange can be faced square 
with the axis of the hde. 

A single^ narrow V provides two points for location. The equiv- 
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alent of three points in a base plane and a locating point on a radius 
are necessary to supplement a single V for complete confinement of 
all six degrees of freedom. A piece located in this manner is shown 
in Fig. 170. One cylindrical end is centralized by the fixed V-block. 
A finished face of the piece rests on a plane, the equivalent of three 
points, and radial location is obtained from the sliding V-block. 

The connecting rod in the jig of Fig. 44 is to have the wrist-pin 
hole drilled at a certain distance from the center of the crankshaft¬ 
bearing boss. The V-locator with sloping faces, on the outboard 
support of the jig locates the center of that large boss. Supports 
under the bosses at the ends of the rod provide location in a base 
plane. The bushing plate carries a suspended V for radial location 
of the rod and for centralizing the wrist-pin boss with the drill bush¬ 
ing. The bushing plate with its attached V is brought down for 
clamping. The drill torque holds the outer end of the rod in the 
outer V. 

The two preceding examples show an extra locating point for 
each part, which may not seem in keeping with the principle of 
locating already laid down, that the equivalents of six points locate 
an object with respect to the basic six degrees of freedom. Each 
of the two parts rests on a base plane that provides three points for 
location. Also, the fixed V-block for each part supplies two more 
points. The movable V-block in each jig also has two points of 
contact, making a total of seven. However, each movable V-block 
actually serves to locate only one point, the center of the section 
each encompasses. In this capacity, a V-block performs the func¬ 
tion of a “centralizer.” That function will be described in more 
detail later. 

The bearing cap of Fig. 171 is located in accordance with the 
principle of V-block location, although the arrangement of the details 
is somewhat different from that shown in the other examples. The 
workpiece is pressed into the two fixed V’s that serve to centralize 
the two bosses through which the holes are drilled. The bushing 
plate is brought down to do the clamping and furnish the equivalent 
of the base plane. The movable bushing plate may seem an infrac¬ 
tion of the rule that principal locators should be. fixed. However, 
the plate also carries the bushings that guide the drills and is fixed 
with reference to them. Also, with respect to the V-locators the 
plate is quite stable since the rugged body of the jig maintains ac- 
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curate alignment. A high degree of dependability can be built into 
such standard jig bodies at a reasonable cost, since they are produced 
in quantities. 

Another application of a V-block locator and centralizer is shown 
in Fig. 231. In that fixture the V-block supports and centralizes 
the round shank of the piece. The body of the workpiece rests upon 



Fig. 171. A universal jig body adapted for drilling holes in main bearing 
caps on a rotary drill press. The bushing plate of the jig furnishes the surface 
for locating the painting face of the main bearing cap. The tapered V*blocks 
locate and centralize the bosses through which holes are drilled. The piece is 
clamped between the V’s and bushing plate, when the latter is lowered. 

The jig is equipped with guide posts to align a drill head. (Courtesy Swartz 
Tool Products Co., Detroit.) 
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two pads and is pressed against a vertical pad. A stop is provided 
at the end of the shank. 

Proportions of Y-locators, The angle between V-locating sur¬ 
faces influences the positions taken by circular sections of various 
diameters. In Fig. 172 a V with an included angle 2a locates a 
circle of radius ri with its center at A. A second circle of radius r 2 
has its center at B, The distance between A and B is c. By similar 
triangles, 

JJL _ ^2 

OA OA + c 

but OA = Vi cosec a 

and c = cosec a (r 2 — rO 

cosec Of X yv yv 

= —^ (A - Di) (76) 

where D 2 is the diameter of the larger circle of radius r 2 and Di is 
the diameter of circle of radius n. 

The meaning of Eq. 76 is that 
the distance between the positions 
taken by the axes of two particular 
diameters in a V varies as one- 
half the cosecant of half the in¬ 
cluded angle of the V. The curve 
for cosec a/2 from 0 to 90® is in¬ 
cluded in Fig. 173. The least dis¬ 
placement occurs when a = 90®, 
where cosec a/2 = 0.6 But as a 
approaches 90® (a total included 
angle in the V of 180®) there is less 
inclination for a piece to seat posi¬ 
tively in the V and more difficulty 
in retaining it. Judgment usually dictates that the best compromise 
between displacement and security is found at an angle a of 45® 
(a 90® included angle). 

Problem 62. For a constant clamping force Fe acting on a constant 
diameter D 2 through the center of the V of Fig. 172 show how the vertical 
and horizontal components of Fr exerted by each side of the V on the piece 
vary with a. What does this indicate about the retentiveness of the V as 
its included angle is increased? 



Fig. 172. Two different sizes of 
round pieces in a V. 
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A rough piece may have a bump on its surface, which comes in 
contact with one side of a V-locator, like in Fig. 174A, or a round 
piece may be displaced by a chip, like in Fig. 174B. What influence 
does the angle of the V have, if any, upon the effects of these disturl>- 
ances? For any particular displacement, the circular section of the 
piece may be considered as though it were resting on another side of 



the V, shown as a dotted line, a distance e from the obstructed side. 
This displaced side of the V, together with the opposite side, forms a 
new V, which defines the displaced position of the circular section. 
The change in the position of the center of the workpiece section, 
brought about by the bump or particle, is the same as the shift in the 
apex point from the original V to the new V. Thus, in Fig. 174C, 
the original V is represented by BOEj and the V resulting from dis¬ 
placement is AO'E, The axis of the workpiece is displaced an 
amount equivalent to 00'. For a constant displacement e, 00' is a 
minimum when 2a = 90°, or a = 45°. 

Problem 63. Show that the component of displacepient 
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In other words that the components of displacement of the work center 
for a constant error c, are proportional to sec a/2 and cosec a/2, the two 
(iirves shown in Fig. 173. Under what conditions might it be desirable for 
a to be other than 45°, where the two curves intersect? 


The Position of a V-locator. Where cuts are to be taken on a 
cylindrical workpiece concentric with its axis, like drilling the axial 
hole in the jig of Fig. 168, variations in the diameter of the piece, 
irregularities, and foreign disturbances will displace the axis pro¬ 



portionally wherever the V is placed. 
Care should be exercised not to 
place the locator where it is more 
likely to make contact with recurring 
irregularities, such as flash lines. An 
included angle of 90° in the locating V 
normally will result in the minimum 
displacement from any irregularity. 

Where cuts are to be taken in planes 
perpendicular to the axis of a cylindrical 
workpiece, the placement of a V-locator 
is important. An instance is cross drill¬ 
ing. A V-locator with its center plane 
at a right angle to the axis of the bush¬ 
ing causes the largest displacement of 
the axis from differences in workpiece 
diameters, as shown in Fig. 175A. If 
the drill bushing is placed in line with 
the center Ci of section 1, a piece 2 of 
different diameter has its center C 2 in a 
different position. On the other hand, 
if the central plane of the V-locator is 
placed in line with the axis of the bush¬ 
ing, like in Fig. 175B, differences in di¬ 
ameters, like 1 and 2, cause a change in 


Fig. 174. The effect of irregu- position but no shift in relation to 

larities on V-location. the axis of the bushing. 
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Cylindrical locators 

A piece fitting snugly on a plug, like in Fig. 176A, has lost four 
degrees of freedom. In any two co-ordinate planes containing the 
axis of the plug, the block can be considered as having four points 
of contact, near the ends of the locating hole, which account for 
the confinement. The block still can move parallel to and rotate 
about the axis of the plug. If the plug has a shoulder, against 
which the block is held, like in Fig. 176B, a fifth degree of freedom 



A B 


Fig. 175. The placement of a V-locator. For drilling through the 
axes of cylinders of different diameters, location should be taken in a V 
with its axis in line with the axis of the drill bushing. 

is lost. Rotation about the axis of the plug remains; and to restrain 
that, the block may be held against a stop, like in Fig. 176C. Thus, 
positive location may be secured by placing a workpiece with a hole 
in it, on a cylindrical plug, providing an axial stop, and fixing one 
point to prevent rotation about the axis of the locator. 

The piece containing the hole may be considered the fixed locator 
and the plug of Fig. 176 the object to be located. The conditions 
are the same as those in the reverse situation except that rotational 
fixation must be referred to the plug, as indicated by the arm held 
against the track in dashed lines in Fig. 176C. 

Except for a press fit, a plug and hole are always subject to 
some possible misalignment, as indicated in Fig. 177. The amount 
by which the axes may diverge, expressed in inches per inch, is equiv¬ 
alent to (Di — D 2 )/L. The meaning of the letters is defined in Fig. 



^ ^RADIAL STOP 

Fig. 176. Elements of cylindrical locating. 
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177. As the difference between the diameters increases or the length 
of contact decreases, the misalignment becomes greater. The diver¬ 
sity allows a limited amount of 
rotation. In some cases, it may 
not be objectionable, but where 
the length of contact is short, 
the resulting rotational freedom 
may be appreciable, even though 
the difference between the diam¬ 
eters is small and radial move¬ 
ment is not exorbitant. 

To reduce the misalignment 
resulting from looseness between 
a locating plug and the hole in a 
workpiece, a plane-locating sur- 
face, square with the axis of the 

plug, may be used. Three points may represent the plane. An ex¬ 
ample is shown in Fig. 178. Three degrees of freedom are confined 
by resting the piece on the 
horizontal surface. The short 
plug offers two points each in a 
vertical plane. A radial loca¬ 
tor completes location of the 
piece. This arrangement may 
be compared with the 3-2-1 
placement of points in plane 
locating. The base plane con¬ 
tains the three points to elimi¬ 
nate vertical motion and rota¬ 
tion in two directions; one 
point on the plug and the ra¬ 
dial stop furnish two points in 
a vertical plane to prevent one 
horizontal movement and the Fig. 178. A workpiece located on a 
third rotation; and another plane, over a short plug, and by a radial 

pomt on the plug acts as the 

point in the third of three mutually perpendicular planes to take care 
of the remaining horizontal motion. 

Figure 179 is a sketch of a gage in which the stem of a bevel gear 
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is located in a hole for checking the teeth. Axial position is deter¬ 
mined from the thrust shoulder of the gear in contact with the top 
of the bushing. 

Figure 180 presents an example of location taken on two cylindri¬ 
cal surfaces, each at the opposite end of a shaft. 

The jig of Fig. 198 locates the large bore of the master rod, for 
which it is intended, from two plugs in line, one attached to the base 
and the other to the bushing plate. A base-locating surface is also 
provided by the heads of the bushings and the shoulder of the pin on 
the outboard locator. Actually with the base plane, only the one 

short plug is needed in the main bore. 
The upper plug serves the additional 
purpose of correcting any slight mis¬ 
alignment of the bushing plate by 
pulling it into position. 



Fig. 179. A gage for checking 
the teeth of a bevel gear. Th(i 
gear is located on its stem in the 
bushing and from the thrust shoul¬ 
der against the top of the bushing. 


Conical locators 

A round plug must be below the 
minimum diameter of the hole in the 
workpiece it is to locate. If the di¬ 
ameter of the hole is subject to con¬ 
siderable variation, as it usually is in 
a semi-finished or rough piece, the 
lateral movement of any piece with 
respect to the locator is likely to be 
quite wide. To overcome this varia¬ 


tion and centralize the hole, a conical or tapered plug may be used 
instead of a straight plug. An adaptation of this sort is shown in 
Fig. 181, where a rough piece resting on buttons is centered from the 
rough hole by a tapered plug brought down with the bushing plate. 

A tapered plug to compensate for large variations in the size 
of a hole makes contact in practically one plane normal to its axis. 
Three points in another plane are also necessary to square the .work- 
piece. This is provided in the base of Fig. 181. Since the extent 
to which the plug enters the hole varies with the hole size, the dis¬ 
tance from the member carrying the plug to the workpiece surface 
is subject to considerable variation. The plug carrier is, therefore, 
not a suitable locator itself, unless the plug is made to slide in it. 

Turning on centers, one of the commonest processes for both 










Fig. 180. A flanged shaft locatxjd on cylindrical surfaces at its ends. 
Closely spaced holes are drilled in a circle in the flange. The jig rests on a two- 
station index base. The holes are drilled in two settings because of their close 
spacing. 

The bushing plate carries a plug which comes down into the hole of the piece. 
The lower adapter can be changed for various parts of different lengths. (Cour¬ 
tesy Swartz Tool Products Co., Detroit.) 



Fig. 181. A rough workpiece centered by a conical 4ocating plug. 
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rough and finished work, utilizes location from tapers. Normally, 
the holes in the workpiece are formed to the same taper as the centers 
to increase the length of contact and reduce the effects of wear. 
Two centers, one in each side of a workpiece, provide means for 
eliminating five degrees of freedom. A centered workpiece can be 
taken from machine to machine with a high degree of accuracy in 
relocation, particularly with respect to concentricity of different 
diameters on the same piece. Variations in the diameters of center 
holes do introduce discrepancies in endwise location. For consistent 



Fig. 182. A spring center for a grinder headstock. End location is 
taken from the face of the center body. The tapered center plug is 
pushed into the center hole of the workpiece by the spring to compen¬ 
sate for variations in sizes of center holes. 

axial location when the center holes vary in diameter, a spring center 
like that shown in Fig. 182, may be used. There the end location is 
independent of the size of the center hole as the end of the piece is 
pushed against the fixed face around the center. 

A round, rough workpiece cannot be located dependably in a 
cylindrical nest for the same reason that a straight plug is not a close 
locator for a rough hole. A cylindrical nest for a rough piece must 
not be smaller in diameter than the largest allowable diameter of the 
piece. The smallest workpiece is much less and would be a very 
loose fit. For rough round sections, a nest in the form of an internal 
com is used. The actual contact may be made on edges along 
elements of the cone, as shown in Fig. 183. In that jig a transmis¬ 
sion-cluster-gear forging is located among conical elements at top 
and bottom, so that a hole may be drilled concentric with the aver¬ 
age contours of the ends. The edges of the lower locators are sharp 
to dig into the workpiece under the drill thrust and keep the piece 
from turning with the drill. 

The barrel of the shifter fork in Fig. 43 is located at the bottom 
in a conical nest, so that the drilled hole is centralized with the 
outer edge. 
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A common clamping and centering device using the conical prin¬ 
cipal is the screw bushing with an internal taper in the contact end. 
One is shown in Fig. 184. The workpiece rests on the lower plate 
of the jig and is centered from the boss by a screw bushing. The 
friction resulting from clamping and drill thrust deters rotation of 



Fig. 183. An example of conical location. A universal jig is equipped with 
locators at top and bottom which have the effect of contacting the transmission 
clusttir gear forging between conical elements. The forging is centralized at 
both ends with respect to its outside surface to which the hole is drilled concen¬ 
trically. The drill thrust presses the piece against the sharp edges of the lower 
locators, which dig in and counteract the torque of the drill. 

Jigs of this sort can be mounted on presses with automatic power feed, and 
one operator can handle six to eight jigs. (Courtosy Swartz Tool Products Co., 
Detroit.) 


the workpiece. No provision is made for radial location, and none 
is needed for drilling centrally with the boss. 

Long finished tapers and sockets are the ideaj examples of this 
class of locators. They locate through close confinement of five 
degrees of freedom. The tapered shanks on such tools as drills and 
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milling machine arbors, and the tapered machine spindle holes in 
which they fit, are common examples. 

A tapered mandrel with a small gradient may be pressed into a 
straight finished hole. Sufficient force is applied so that a tapered 
fit is impressed over an appreciable length of contact. A decided 
disadvantage from the standpoint of production is that variations 
in positions taken by different workpieces along the axis are large. 



Fig. 184. A rough blank located from its hub by an internal cone in 
the end of a screw bushing. 


Radial location 

Radial location does not mean location in a radial direction, but 
rather the fixation of one radius to establish the positions of all radii 
emanating from the axis of a piece. V-blocks, plugs, holes, or 
conical locators must have supplementary means for radial location. 
Radial locators are of two types: 

1. Those that fix the location of a definite external point on a 
piece. 

2. Those that position a geometric point or axis within a body 
with respect to tangible surfaces. 

The first type is exemplified in Fig. 178, where a point on a wing 
of the part shown is held against a button. 

The second type may be divided into two classes, pin locators 
and centralizers, which will be described in the next few sections. 
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A basic rule for all radial location is that the fixation point should 
be taken as far from the axis of radiation as possible, to minimize the 
errors of location. The reason for this is demonstrated in Fig. 185. 
A displacement d at a distance a from the axis 0 results in an angu¬ 
lar error of AOA\ The same displacement d at a greater distance b 
gives an angular error BOB\ which is smaller. 



Fig. 185. Points for radial location should be placed as far apart as 

possible. 

Dual pin locators. A common means of location consists of two 
plugs or pins extending from a base surface. These pins are made 
to fit two accurate holes in each workpiece square with a finished 
locating surface. The holes may also have a funcjtional purpose, 
but often one or both are put 
into the part for the purpose of 
locating alone. This method of 
location is widely accepted for 
cylinder blocks, for instance. 

That is the reason for the two 
holes in the lugs at the extremi¬ 
ties of the base of the cylinder 
block shown in Fig. 42. After 
that block has been fijiished, the 
larger hole is tapped and used 
for an oil-filler hole, but the 
smaller has no purpose other 
than locating. A similar cylin¬ 
der block located from the base 
and two closely held holes for 

boring the cylinder is shown in Fig. 142. The larger cylinder block 
of Fig. 143 is located in the same manner. 

The jig of Fig. 198 is constructed to locate a master rod on the 
large plug, the outboard pin, and the tops of the bushing. Another 
variation of this method of locating is found in Fig. 186. There a 



Fig. 186. A variation of dual cyl¬ 
inder location. The casting has a large 
pilot surrounded by a flange, and those 
two surfaces are lotjated from a ring. 
A pin in a small hole gives radial loca¬ 
tion. 
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casting has an accurate pilot diameter surrounded by a finished flange 
face, which fits a ring in the fixture. Radial location is derived from 
a pin in a small hole at the other end of the piece. 

A part located from two pins, like the one of Fig. 187, may be 
considered as deriving its principle location from the base plane and 

Y 
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Fig. 187. A part located from two pins and a base surface. 


one pin, such as the pin at A, and radial location from the other pin, 
say B. In other words, the base plane takes care of 3 degrees of 
freedom and one pin A eliminates movement in directions x and y 
through its axis. The only remaining need for pin B is to prevent 
rotation about the axis of A, which is done by elimination of move¬ 
ment in the y direction through the axis of B. Thus, the second pin 
needs to fit the hole, J5, on only two sides. 

Between the centers of the holes A and JBj the part has a dimen- 
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sion with a tolerance a. Between the centers of the locating pins A 
and B, the fixture must likewise have a dimension with tolerance 6. 
For accurate location, there should be an allowance between plug A 
and hole A of only a few ten-thousandths of an inch. But if pin B 
is a complete cylinder, the allowance between pin B and hole B must 
be at least as great as the tolerances a and b of the dimensions between 
hole and pin centers. This is so that the holes will pass over the pins 
in all permissible positions. As a result, there will be considerable 
play between the hole and pin at B in the y direction, which is con¬ 
trary to the purpose for which pin B 
is intended. 

Diamond pin locators. For a 
radial locator, a widely used item is 
the diamond pin, a typical plan view 
of which is shown in Fig. 188. It is 
relieved on two sides to allow for 
deviations in hole position in the x 
direction and has two cylindrical 
segments, of width TF, to match the 
hole in the y direction. The least 
radial movement of the piece occurs 
when the diameter, d, of the pin is 
smaller than the diameter, D, of the 
hole by only what is needed to slip 
the smallest size hole over the pin. 

To allow for variations in the 
position of the hole, the contact 
width w must be short enough to leave a clearance S/2, such that S 
is equal to or greater than the sum of the tolerances, a and b, of the 
center distances between the holes and between the pins. From the 
two triangles, OAB and OAC, the following relationships are evident: 

^**44 4 4 4 4 

2WS - 2)2 _ d2 _ ^2 

w - + d)(D - d) _ S 

^ ” 2S 2 ^ 

^ [2D - (D-d)] (D-d) _ S 
28 2 


Y 



Fig. 188. Enlarged view of dia¬ 
mond locator pin, at B in Fig. 187. 


and 
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2D{D -d) (D- dy S 

2S 2S 2 

but {D — d) is small, of the order of 0.001 in. Therefore, {D — dY 
is much smaller, of the order of 0.000001 in., and the term no 
is negligible in comparison with the other terms. Thus: 

= I (7) - d) - I (77) 

This means that: 

1. The larger the nominal size of the hole, the larger the permis¬ 
sible width of contact surface of the pin for the same allowance 
between pin and hole and the same tolerances on the hole center and 
pin center distances. 

2. As the tolerances between the hole centers and pin centers 
increase, the permissible width of contact surface on the diamond 
pin grows less, if the diameters and tolerances of the hole and pin 
are unchanged. 

3. If, for a practical tolerance between hole centers and a pre¬ 
scribed size of radial locating hole, the permissible width of contact 
(W) of the diamond pin is insufficient for endurance of the pin; then 
the allowance (D — d) between the hole and pin must be increased. 
The allowance should be as small as it can be and still leave enough 
surface width (W) to resist wear and allow the plug to enter all 
holes. For hardened steel pins, acceptable practice^ permits a width 
W as small as of the nominal diameter of the hole in which it 
locates, but not less than about in. 


Example 24: The part of Fig. 187 has two locating holes with cen¬ 
ter distance of 8.00 =b 0.002 in. The center distance between pins is 
8.000 d= 0.0002 in. Hole A is nominally 1 in. in diameter, and hole B in. 
diameter. The allowance for pin B is 0.0000 in. What is the maximum 
permissible width of diamond pin contact in hole B? Does it meet accepted 
practice? 

For the width of pin contact: 


W 


0.5 

0.0044 


(0.0006) - 


0.0044 

2 


=* 0.0682 - 0.0022 = 0.066 in. 


1 B. R. Garrett, ^The Use of the Diamond Pin in Locating Work," The Tool 
Engineer^ December 1945, Vol. XV, No. 5, page 32. 
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Suitable minimum width of contact for a 3^-in. diameter pin is X H 
= He = 0.0625 in. Therefore, the diamond pin meeting the conditions of 
the problem is adequate. 

Problem 64. If the center distance dimension between holes A and B 
of Example 24 has a tolerance of =t0.005 in., what width of contact (IT) must 
be provided for pin B of 0.4994-in. diameter? The minimum hole size is 
0.5000 in. To what diameter must the pin be reduced to give a width of 
contact (IF) equal to or greater than He 

Problem 66. Derive the exact expression for d in terms of D, W, and S, 

Problem 66. Show that when W = D/4; S = 4t, where e = (D — d). 
Neglect terms of 

Problem 67. The 10® =t 15' angle of the part shown in Fig. 189 is to 
be checked by placing the piece on the gage sketched for it. The 0.750 
dr 0.001-in. diameter hole is to be placed over the straight pin, and the 
0.375 d= 0.0005-in. diameter hole over a diamond pin. Specify the diameter 
and contact width (W) of a suitable diamond pin. 

Problem 68. For a 0.045-in. wide contact face, calculate the pin diam¬ 
eter for the gage of Fig. 189 by the exact expression derived in Problem 65. 
Also calculate the diameter by Eq. (77). What is the discrepancy of the 
approximate equation? 


MEAN LOCATORS 

Centralizers 

In Fig, 178 the radial locator is a button against which one side 
of a wing of the part bears. If this is a rough part the center of the 
section may vary considerably in its location from piece to piece. 
Even if the sides are finished, some variation can be expected. If 
it is necessary to cut a groove or drill one or more holes in line with 
the center of the wing, the manner of location is obviously inade¬ 
quate. What is needed is a means of setting the center of the section 
in a definite position each time a piece is located. This is known as 
centralization, 

A centralizer is a device that forces two, and sometimes more, 
opposed, points into positions where they are equidistant from a 
fixed point. Thus, in effect, the centralizer locates the center point 
between the spots it contacts. At the same time a centralizer per¬ 
forms a certain clamping function. 

There are many types and variations of centralizers. For detailed 
descriptions of the different kinds, the student is referred to standard 
books of tool design. To illustrate the principle of centralization, a 
few examples only are given here. 



Fig. 189. A workpiece and a gage to check the angle and position of an 
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The movable Y-block of the jig of Fig. 170 is one of the simplest 
of centralizers. It brings the center of one round end of the piece 
into position along an axis which bisects the angle of the V. This 
emphasizes an important characteristic of every centralizer; that for 
each two points contacted, one point is really located. 



Fig. 190. An external centralizer in the role of a radial locator. 


In Fig. 190 a workpiece resting on a plate would be free to rotate 
about a pin except for the centralizing arms which locate the center 
of the lug between the two points of contact. The piloted cone on 
the screw is advanced to spread the pivoted arms apart at one end, 
causing the contact buttons on the other side of the pivot to move 
equidistantly with respect to a fixed axis. When the cone is with¬ 
drawn, a spring parts the clamping end of the centralizer. 



Fig. 191. (A) One type of internal centralizer. (B) A wedge used as 

an internal centralizer. 
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In Fig. 191A the cone point of the screw spreads the centralizing 
arms apart to contact internal surfaces on the workpiece and locate 
these surfaces at equal distances from the predetermined axis. An¬ 
other internal centralizer utilizes a wedge as sketched in Fig. 191B. 
This locator contacts the piece on two edges, whereas the centralizer 
of Fig. 191A can be made to reach what may be more desirable spots 
away from the edges. The wedge-type centralizer is simple and has 
found acceptance where edge contact is not undesirable. 

Although centralizers have been shown in the role of radial lo¬ 
cators, their use is not confined to that function. Each primary 
centralizer establishes a point to eliminate a degree of freedom and 
thus may be used in conjunction with any other locating means. 
For instance, a centralizer may be used near each end of a long 
piece to locate its centerline so that a series of holes can be drilled 
centrally with its sides. With that arrangement, an end stop and 
base plane are necessary to complete location. 

Gear tooth locators 

Next to the basic surfaces of planes, cylinders, spheres, and cones, 
the involute is probably the most frequently encountered surface 
because of its wide use for gears. Consequently, consideration of 
gear tooth location is in order to demonstrate the application of the 
principles of locating to special forms. 

There are two types of gear locating problems: 

1. The use of a gear tooth or space as a radial locator. 

2. Location from several gear teeth, sometimes together with a 
face, to establish alignment with other surfaces. 

In any case, arrangements are usually made to contact gear 
teeth on the involute profile at the pitch line. The teeth may be 
modified or have errors at their extremities. The pitch line is nor¬ 
mally well inside the extremities and is the standard reference posi¬ 
tion on a tooth. Also, the dimensions of a gear tooth are usually 
referred to the pitch diameter and calculations from that reference 
are simple and more dependable. 

Radial location from gear teeth 

A spur gear tooth may be located radially by a guided V-block 
brought to bear on both sides. Likewise, a tooth space may be 
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located radially by a wedge or cone bearing in the same way. In 
Fig. 192 are sketched the outlines of two gears located by plugs in 
their center holes and positioned to establish the radii on which 
holes, marked A, are to be drilled. The principal problem is to 
determine the angle of the locator which will insure contact at the 
pitch line. 

For the V, the angle = 2(q: — jSi), as shown in the diagram 
of the tooth angles. For the wedge or cone, the angle xj/ = 2{a + ^ 2 )- 
a is the pressure angle of the gear. 

T 

j8i = sin~’ ^ 

where 

T = tooth thickness = 7r/2P — L (approximately), 



CENTER OF TOOTH THROUGH CENTER OF SPACE 



Fig. 192. Radial locatioii from gear teeth. 
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P » diametral pitch of the gear, 

L * back lash of the gear, 

D = pitch diameter of gear, 

and ^2 = sin”^ ~ 


where S — tooth space width = 7r/2P + L, 

It may be more convenient to express: 

01 = — A and 02 = ^ + A 


where N = number of teeth in gear, and 


A 




Rp TT 


where Rp = pitch radius. 

L is normally small, and for practical purposes, 


/Q /Q 90 


( 78 ) 


(79) 


Problem 69. What should be the angle of a V-locator for a tooth of a 
10 diametral pitch, 20® pressure angle spur gear with 60 teeth and no back 
lash? 

Problem 70. What should be the angle of a cone locator for a tooth 
space of the gear described in Problem 69? 

Problem 71. Show how to calculate the angle of a cone locator for the 
tooth space of a helical or spiral gear. 

Problem 72. A helical gear has a spiral angle of 16° 16', a pitch diam¬ 
eter of 12.5 in., 48 teeth, and a pressure angle of 20® in its plane of rotation. 



Fig. 193. A sketch of a cone locator for a helical gear. 
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The gear is 1 in. wide. What should be the angle of a cone locator for a 
tooth space? Assume no back lash. 

The gear is to be set on one side for cutting a groove on the top side, 
concentric with a radius through a tooth space. The centerline of the cone 
is midway between the two faces. Through what angle should the radius 
through the cone axis be offset from the radial axis of the groove? See 
Fig. 193. 

Location from several gear teeth 

Rolls or pins, inserted between three pairs of teeth of a gear and 
gripped in chuck jaws, are commonly used for spur gear location. 
Two considerations are necesi^ary for specifying this form of tooling. 
They are: The proper diameter to contact the teeth at the pitch 
diameter, and the diameter at which the chuck jaws contact the pins. 



PIN OF diameter (d) CONTACTS TEETH AT PITCH LINE 
Fig. 194. Diagram of angles concerned with size of locating pin. 

The formula for the size of the pin that just touches two adjacent 
teeth at the pitch line can be derived from the diagram of Fig. 194. 
The angle CAB is equal to the pressure angle a plus half the tooth 
space angle, which is ^2 defined by Eqs. (78) and (79). 



but 2AC = d and 2AB = S, 

, S 

cos (a + 182 ) 

where d and s are defined in Fig. 194. 


( 80 ) 




inir h,?i; 1 ^“Ctnods of loc 

ing hUicai pars from the to 
at the pitch Jine. (A) Pinj, 

f“’’ for L inlon 

snrir ^ helicaJ-ge 

hv ^ *'■« contact 

by chuck jaws. (Fiffs IQ^ io 

»»»«■ u«ld MSi,£' S 

Worcester, Mass.) 
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The diameter at which the chuck jaws engage a pin is twice the 
radius (Ro) of Fig. 194. Ro is equal to OB + BC + r (the radius of 
the pin). 

OB = 

tan 182 2 tan (82 

~ Rp cos 182 

where Rp — pitch radius, 

BC = AC sin (a + / 32 ) = r sin (a + 182 ) 

= ^ tan {ct + ^i) , 

Therefore Ra - + tan ( 1 * + + r (81) 

= Rp cos 182 + J’Ll + sin (a + 182 )] (82) 

Problem 73. Specify the proper diameter of pins and diameter of 
contact of chuck jaws for holding the gear described in Problem 69. 

Problem 74. Specify pin and chucking diameters for a 6 pitch, 24 teeth, 
14J^° P.A. spur gear with 0.004 back lash. 

There are a number of commercial chucks utilizing various means 
of securing contact on the involute surfaces of gear teeth at the pitch 
line. A chuck having eccentric pinions is shown in Fig. 195A, for 
either external or internal spur or helical gears. Each chuck of 
these types must be constructed for a specific gear. For helical 
gears flexible rolls held by a cage like those of Fig. 195B may be 
employed. 

Bevel gears may be located in similar ways. Several typical 
arrangements are shown in Fig. 196. 

SUMMARY 

Location is essential to place each workpiece coming to an opera¬ 
tion in a definite position so that the effect produced on all will be 
uniform. The first requirement to this end is that an object be con¬ 
fined completely. That can be done by eliminating motion along 
and rotation about three co-ordinate axes. For this the equivalent 
of six fixed supports are needed; three in one plane, two in a second 
plane, and one in a third plane. The most satisfactory arrangement 
is for these three planes to be at right angles to each other. For some 







PRINCIPLES OF LOCATING 


409 


applications retention, but not definite location, only is mandatory 
for one freedom. 

Often a number of points are available for satisfaction of the 
minimum requirements of location. The problem is to select those 
which are most advantageous. They are indicated by the condition 
of the workpiece surfaces, the shape of 
the workpiece, and the nature of the 
surfaces to which registration is re¬ 
quired. 

There are rough, semi-finished, and 
finished surfaces. Rough, and often 
semi-finished, surfaces require a min¬ 
imum of locating area. Where rein¬ 
forcement is needed, adjustable sup¬ 
ports must be used. Finishefi surfaces 
are subject to less restriction. 

To accommodate the common sur¬ 
face forms, plane, cylinder, and cone, 
several fundamental locating devices 
are available. Each one, as weA as its 
modifications, is based on characteristic 
principles that must be recognized to make it fully effective. In 
addition, unusual surfaces require special arrangements to suit their 
particular forms. One of the most important considerations for any 
type of locator is that it gives proper attention to the surfaces that 
require registration. 



Fig. 106C. A cross section 
of a chuck for locating from the 
pit(^h liiKi of bevel-gear teeth on 
three tempered rollers for grind¬ 
ing th(^ hole and hub face of the 
gear. Fingers for holding the 
gear on the rolls are actuated by 
an air cylinder. 


QUESTIONS 

1. What is the purpose of workpiece location? 

2. What are the first requirements for workpiece location? 

3. What must be taken into consideration in choosing locating points? 

4. How may a free body move and rotate? What is necessary for per¬ 
fect freedom? For complete confinement? 

5. When is location established? Give an example. 

6. What is the minimum number of points required to withhold all 
freedom? 

7. Explain the principle that defines the most suitable points for locat¬ 
ing an object. 
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8. State the 3-2-1 principle of location. 

9. How many points may be used for locating a finished surface in a 
base plane? Why? How many for a rough surface? 

10 . What is the principle of least points? 

11. What is the principle of extreme positions? 

12. How many degrees of freedom does a long V-locator eliminate? 
A short V? What else is necessary? 

13. Why is a 90° included angle usually desirable for a V-locator? 

14. What irregularities should be avoided in positioning a V-locator? 
How should a V-locator be positioned for cross drilling? V'hy? 

16. How many degrees of freedom are taken care of by a long cylindi ical 
locator? A short one? What else is needed? 

16. Why are conical locators used instead of cylindri(^al locators? Name 
several common conical locators. 

17. What is meant by radial location? When is it necessiiry? 

18. What are the two types of radial locators? 

19. What is a basic rule for radial location? 

20. What shortcoming is likely to be found with dual-pin locators if 
both pins are fully round? How may it be alleviated? 

21. How wide should the width of contact of a diamond pin be? 

22. What effect does the size of the hole, in which a diamond pin locates, 
have upon the permissible width of contiict surface on the pin? 

23. What effect do the tolerances between hole centers and pin centers 
have upon the permissible width of contact surface on the pin? 

24. When must the allowance between a diamond pin and the hole in 
which it locates be increased? 

26. What is a centralizer? Describe several. 

26. How many points must a centralizer touch to locate one point? 

27. What are two types of gear locating problems? 

28. From what part of a gear tooth surface is location usually taken? 
Why? 

29. What should be the angle of a V to make contact with a gear tooth 
at the pitch line? A cone to make contact on both sides of the space at 
the pitch line? 
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THE FUNCTION OF TOOL DESIGN 
What tool desisn is 

Tool planning determines the process to be used, the operations 
required, the locating points for each operation, the dimensions and 
tolerances to be held, and the machines and tools needed to make a 
part. As described in Chap. 1 and Fig. 3, the tool engineer, in the 
role of process engineer, writes orders specifying the tools to be 
designed and made, where they fit into the production plan, and what 
requirements they must meet. Some orders may go to the purchas¬ 
ing department to buy standard machines and tools; others are 
issued to the tool designers or outside specialists. The responsibility 
of tool design is to devise and proportion tools which will most 
economically meet the requirements called for by the production 
plans. 

A tool has been defined as any device that is capable of workmy 
a material into a desired shapej holding it while it is being workedj or 
measuring it after the work has been completed. Thus implements 
used in all industries are described by that definition. In metal 
working, however, certain items arc best known as tools. They are 
machine tools and accessories, cutting tools, fixtures, jigs, dies, and 
gages. Also recognized as tools are such adjuncts as collets, sleeves, 
toolholders, and other devices to hold, drive, and otherwise assist 
the function of a tool. 

Tool design procedure 

The responsibility of the tool engineer may be to supervise the 
designing of tools and approve the designs. Some tool engineers 
specialize as designers. 

There are several ways in which a tool design department may 
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be organized. One tool designer may be assigned to designing all 
the tools for a certain part. That is known as the “project method^' 
and is commonly found in small plants. Another method is known 
as the ^'group method/^ where each designer specializes in a particular 
class of tools, like jigs, fixtures, dies, or cutting tools. In large 
plants a system combining the advantages of both of the first two 
is often found. Under it, each project is carried on by a senior 
designer or group leader, who has assistants who specialize on various 
kinds of tools. 

The design of any tool involves three steps. They are: 

1. To determine what the tool must do and under what limitations 
it must perform. 

2. To select or invent a device to meet the requirements. 

3. To arrange and proportion the device to perform the required 
task most efficiently. 

If tool planning is thorough, the forms describing the process 
plan tell the tool designer what he must know for the first step. Also, 
in most cases the general types of tools needed for any operation 
are indicated by the process plans. For instance, for a drilling 
operation a jig is usually needed. But for each type of tool, there 
are many variations. For example, a milling fixture may be required 
for an operation, but for any fixture there are many possible clamping 
arrangements. The second step of tool design is to find an arrange¬ 
ment suitable to the case at hand. 

Success in carrying out the second step of tool design depends 
upon an acquaintance with the various types of tools and a large 
number of their modified forms. Brief descriptions of some of the 
common types of tools will be given in this chapter to introduce 
the subject. For a more complete picture of tools and their details, 
the student is referred to books devoted to tool design. 

After the general form of a tool has been determined, it stiU 
must be arranged and proportioned to do a specific job efficiently. 
That is the third step and involves the three main considerations of 
(a) economy, (b) the nature of the operation, and (c) accuracy. 

How these considerations enter into the design of tools will be 
discussed. 
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TYPES OF TOOLS 

Machine tools 

A distinguishing feature of machine tools is that they are capable 
of reproducing themselves or other machines. The tme machine tools 
are the lathe, milling machine, drill press, planer, and shaper. Others, 
such as the turret lathe, boring mill, and multispindle drill press, are 
modifications of the basic types and are usually accepted in the same 
class. Other tools serve to augment and supplement the activities 
of these basic machines of industry. In designing almost all tools, 
the designer must take machine tools into consideration. Not in¬ 
frequently he is called upon for attachments to become integral parts 
of machine tools, like a high-speed extra head. He may have to 
design special machine tools or rearrange standard ones, like that 
of Fig. 66. 

Fixtures 

A fixture is defined as a device for holding work while an operation 
is being performed. It also usually locates the work. 

Fixtures may be classified according to the kinds of operations 
in which they are used. Some of the common types of fixtures are 
the following: 

1. Milling fixtures, like those shown in Figs. 32, 46, 65, 70, and 71. 

2. Lathe and turret lathe fixtures. 

3. Boring fixtures, like Figs. 141 and 142. 

4. Tapping fixtures, like Figs. 31 and 47. 

5. Drilling and tapping fixtures, like Figs. 41 and 48. 

For any one kind of operation, there is usually a variety of fix¬ 
tures of different constructions. A fixture is often given a name 
descriptive of one or more features, like: 

1. The vise fixture of Fig, 61. It is economical practice to hold 
small and medium size parts of irregular shapes in special jaws at¬ 
tached to standard vises. 

2. Chucks with special jaws. A fixture of that kind is shown in 
Fig. 58. A collet chuck fixture, in which many sizes of collets may 
be used, is shown in Fig. 20. 

3. A plain fixture which locates a piece in a normal position 
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to a horizontal plane, as illustrated in Figs. 65, 70, 71, and 142. 

4. A face plate fixture. 

5. A V-block fixture, like those of Figs. 169, 222, and 225. 


6. An air-operated fixture, 
shown in Fig. 53. 

7. A gear tooth fixture, like 
those of Figs. 195 and 196. 

8. The indexing fixtures of 
Figs. 142, and 143. Fixtures may 
be mounted on a standard base, 
like in Fig. 231. A sketch of 
one form of indexing mechanism 
is shown in Fig. 197. 

9. Universal fixtures which 
are adaptations of commercial 
devices like that of Fig. 225. 

JiS$ 

A jig is defined as a device for 
holding and locating a workpiece 
and guiding a tool that performs 
an operation. Some jigs are fas¬ 
tened in alignment with the cut¬ 
ting tool, but for the most part 
they are movable. 

Jigs are used in only a few 
kinds of operations. They may 
be designated by the operation 
(like drilling, reaming, or boring), 
but more often are classified ac¬ 



Fig. 107. A .section of one form of 
index plate and base. The device is 
fully enclosed and protected. 


cording to features of construction. The common types of jigs 


are the: 


1. Plate jig, like that of Fig. 42. A circular jig of the same 
type, with a round locating ring to fit the workpiece, may be known 
as a ring-type jig. Jigs of this class are essentially templates, and 
the simpler ones often carry the name of template jig. 

2. Channel jig, as detailed in Figs. 91 and 92. 
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3. Box jig, like in Figs. 40 and 168. It is not always necessary 
that such jigs be fully enclosed. 

4. Leaf jig, like Fig. 170. Channel or box jigs may have leaves, 
like in Figs. 40 and 170, and thus fall into two classes. 

5. Diameter jig, as detailed in Fig. 93. 

6. Open-type jig, shown in Fig. 218. 



Fig. 198. A jig to line bore six holes in a master rod for an aircraft (ingiin*. 
A commercial universal jig body, on which the head is raised for unloading and 
loading and lowered for clamping, carries the locators. The large end of the 
workpiece is located in its bore by two plugs and rests on six bushing heads. 
The small end of the rod is located by the shoulder pin on the end of the extension 
from the jig base. 

The locating plugs, pin, and bushings are hardened inserts to resist wear. A 
minimum area contacts the workpiece, to reduce cleaning effort and the possible 
effect of chips on the locators. (Courtesy Swartz Tool Products Co., Detroit.) 

7. Universal jig, built from a commercial body, like in Figs. 43, 
44, 171, 183, and 198. 

8. Vertical stand jig on which the workpiece is held on an up¬ 
right wall. Small jigs of that sort are sketched in Fig. 33. 

9. Index jig, like Fig. 180. 

Obviously many jigs fall into two or more Of the foregoing classes. 
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Cutting tools 

Cutting tools are devices that remove metal in the form of chips 
from parent metal. Power is applied to them for producing definite 
workpiece shapes. 

Cutting tools may be divided into two classes. One class includes 
single-point tools, such as those used in turning, facing, boring, 
shaping, and planing; the other includes multitooth cutters such as 
drills, reamers, counterbores, milling cutters, bye aches, and saws. A 
cutting tool is usually named for the type of operation in which it 
is used, such as ^4athe tool,^^ '‘milling cutter,^’ or "drill.” The 
material, like high-speed steel, or cemented carbide, may be part 
of the designation of a tool. 

Many standards have been set up^ for the design and construction 
of cutting tools. Thes^i specify standard features, sizes, and toler¬ 
ances. Commercial tools can be bought more cheaply than they 
can be made in small quantities. Where entirely special cutting 
tools must be designed and made, data available in reference and 
handbooks can be depended upon for assigning proper angles, dimen¬ 
sions, and tolerances. 

Dies 

Dies are used in many processes, but the commonest are those 
which cut or shape sheet metal. They are given the name of press 
dies to distinguish them from others used in hammers, molding 
machines, and so on. 

Dies that cut sheet metal include stamping dies for blanking and 
piercing, like those shown in Figs. 56, 62, and 63, trimming, cut-off 
dies, and shaving dies. In blanking, the piece punched from the 
strip is the part wanted. In piercing, scrap is punched out of holes 
in the part. Trimming removes excess metal from the edges of a 
part. Shaving dies are similar to blanking dies but remove very 
little stock and cut to close tolerances and straight edges. 

Dies for shaping sheet metal include those for drawing, forming, 
and bending. Drawing is a severe operation producing relatively 
deep cavities and causing the metal to flow and stretch. Cups, like 
those in Figs. 24 and 26, are produced by drawing. Forming and 

1 See, for example, the A.S.A. bulletins of cutting tool standards listed in the 
bibliography at the end of this chapter. 
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bending are shallow processes in which there is less tendency for 
the metal to wrinkle. 

Among other common types of dies are those used for embossing, 
coining, broaching, sizing, burnishing, and assembling. The first 
two types work the metal by upsetting, flowing, and forcing the mass 
into special forms. In embossing, the piece is bent into a pattern, 
raised on one side, and depressed on the other. In coining, the metal 
is forced into dies bearing on both sides to make clear cut designs in 
relief on the surface of the object. ‘^Hard” money is coined. Fig. 
22 furnishes an example of a broaching die. In sizing and burnishing 
dies, the cut surface of a piece is rubbed smooth. Assembling dies 
are used for riveting, staking, or otherwise fastening pieces together. 

Several operations often are performed within one die. Such 
dies may be progressive, compound, or indexing. If the operations 
(piercing, blanking, drawing, and bending for instance) are done in 
sequence during each press stroke, the die is a progressive die. 
During one stroke of the press, a series of pieces are acted upon, each 
in a different station. A sketch of a simple progressive die for pierc¬ 
ing and blanking is in Fig. 89. Where two or more operations are 
performed simultaneously on the same piece during a single stroke, 
the die is a compound die. A cross section of a compound die for 
forming and blanking a piece is shown in Fig. 199. 

Gases 

A gage is defined^ as a device for determining whether or not one or 
more of the dimensions of a manufactured part are within specified 
limits. Gages are intended for checking parts quickly in produc¬ 
tion, to avoid making actual measurements. 

A gage usually receives its name from a distinguishing feature 
of its form or shape. Common types are ring, receiving, plug, snap, 
thread, form, and flush pin gages. A ring gage has an accurate 
inside circular surface, like the one in the upper left-hand corner of 
Fig. 200. A receiving gage has a noncircular hole to receive a part 
of the proper size. One is shown in the center of Fig. 200. A plug 
gage has an outside gaging surface to fit a hole. It may be round, 
tapered, or irregular in shape. Several common types are shown 
in Fig. 200. Snap gages appear at the top center and in the bottom 

* Tolerances^ AllowanceSf and Gages for Metal Fits^ A.S.A. B4a-1926, page 4, 
American Standards Association. 




Fig. 199, A cross section of a compound die. 
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Another designation of gages has to do with those features that 
detennine the way they are applied to the work. A progressive 
plug gage is shown at the bottom of Fig. 200. The first stage on the 
plug is supposed to go in in the hole gaged, but the second stage 
should not enter. Fourth from the bottom, on the right of Fig. 200, 
is a double-end plug gage. The long plug is the “go” member; the 




Fig. 201. An easily applied and universally accepted continuous grinding 
gage for cylindrical center-type grinding. The gage rides the work and reflects 
dimensional sizes instantaneously, while the piece is being ground. Although 
the particular instrument is arranged to measure an external diameter and a dis¬ 
tance between outside shoulder faces, standard gages of the same type are avail¬ 
able for indicating almost any combination of outside surface dimensions. 

The outstanding advantage of a gage of this type is that it shows continu¬ 
ously, and instantaneously, the exact dimensions being processed and thus sup¬ 
plants the ‘^feer^ of a highly skilled grinder operator in sizing parts. (Courtesy 
Federal Products Corp., Providence, R.I.) 
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short plug the ^^no-go” member. Snap gages and others may differ 
in a similar way. 

One gage may be capable of checking the suitability of a single 
dimension; another may be used to check several dimensions at once. 
The lattei’ is called a combination gage. An example is Fig. 189. 

Some gages are standard; others special. Plug, ring, snap, and 
thread gages are obtainable commercially in standard sizes. As a 
rule, flush pin, receiving, and combination gages are special. 

According to accuracy, purpose or use, gages may be classified 
as working, inspection, and reference gages. A working gage is 
used by an operator on a machine for gaging the work he is producing. 
Inspection gages are used to check the work after it has been ma¬ 
chined. Reference or master gages are used only for checking the 
size or condition of other gages. A working gage checks to limits 
inside of those checked by the inspection gage. Both are usually 
inside the workpiece dimension limits. The inspection gage is made 
to less tolerance than the working gage. A master gage is made as 
nearly as possible to an exact size. 

CONSIDERATIONS IN THE DESIGN OF EFFICIENT TOOLS 

Economy 

Tools must be designed so that they can be made and operated 
economically. Both of these factors must be considered in the design 
of each tool. The elements of cost in manufacturing, in which tools 
are used, are described in Chap. 2. The basis for comparing tool 
costs is developed in Chap. 3. The principles that point the way 
to achieving economy in tooling are presented in Chap. 4. 

The nature ot the operation 

In every operation, the tools must be adapted to the material, 
machine, other tools, and operator. To furnish a tool to meet a 
situation efficiently, the designer must know what the circumstances 
are and understand what is needed to meet them. 

As pointed out in Chap. 11, an important consideration in choos¬ 
ing a standard machine for an operation is the capacity and range 
of the machine. Once the machine has been selected, the tools used 
on it must be designed to conform to its dimensions. For instance, 
a fixture must be securely fastened in place on a milling-machine 
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table. Therefore, it must have a keyway and bolt slots to match 
the slots in the machine table. The fixture must also hold the 
pieces so that they conform to the position of the cutter and allow 
the cutter to be placed near the column for rigidity. The length 
machined must fall within the travel of the table. Handles', knobs, 
and levers should be placed on the front of the fixture^ convenient 
for the operator. The feet on a jig must be large enough not to 
fall into any slots in the drill-press table. A punch and die unit 
must be proportioned,.to suit the shut height and stroke of the press. 
For these and many other considerations, machine-tool specifications, 
like those of Fig. 157, arc used as refereiice. 

A cutting tool must have certain angles and curves to work on 
the shape of workpiece and kind of material foi which it is intended. 
A stamping punch and a die usually have clearance between them 
to suit the hardness and thickness of the material. Thus for ade¬ 
quate design of metal cutting and forming tools, an understanding 
of their action is necessary. 

In many metal working operations, large forces must be resisted. 
These come from the cutting action and from the efforts of the 
workmen. They cause deflection, which influences accuracy. That 
will be taken up later in more detail. But in addition, tools must 
be proportioned to avoid actual destruction and deterioration. De¬ 
tails of fixtures, jigs, and dies must be given enough bulk and back¬ 
ing to stand up under normal cutting forces, clamping and handling 
forces, and even abuse. To that end, use should be made of the 
principles of mechanics and resistance of materials in much the 
same way as is done in the design of most mac^iine members. A 
consideration of importance in the design of fixtures and jigs is that 
of providing clamping means to take care of the forces to be resisted. 
A detailed analysis of that subject is presented in the next chapter. 

Accuracy 

All operations produce variations in their results. Tool planning 
determines what variation can be permitted in an operation. The 
tools to carry out the operation must be designed to keep the varia¬ 
tion within the desired limits. Variations arise from errors that 
result from the following causes: 

1. Variations in dimensions of the workpieces coming to an 
operation. 
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2. Variations in material condition. 

3. Intrinsic defects in tools and machines. 

4. Wear. 

5. Deflection. 

6. Thermal expansion. 

7. Dirt, chips, and workpiece mutilation. 

8. Errors of human judgment, limits of perception, and deficien¬ 
cies of skill. 

Means of controlling each of these causes of error must be under¬ 
stood by the tool engineer. 

Variations in rough workpieces. All dimensions of a workpiece 
must have tolerances at any stage of manufacture. Rough work- 
pieces have more variation than semi-finished ones, which vary 
more than finished ones. The amount of variation influences the 
choice of a locating device, as explained in Chap. 13, and determines 
the results that may be expected from it. Also, variation in dimen¬ 
sions causes differences in the stock removed from a workpiece with 
consequent fluctuations in the forces imposed on the tools. 

Variations in material condition likewise produce variations in 
forces and power requirements. Changes in hardness and toughness 
of work material may often be the primary cause of variation in 
thermal expansion, deflection, and wear. 

Defects in tools and machines are to be expected in all cases, even 
though they are small. It must be remembered that tool dimensions 
must have tolerances, too, if their costs are not to be prohibitive. 
The locating plug, detailed in Fig. 113, has a 1.4998 to 1.4996-in. 
diameter to suit a hole of 1.5000-in. minimum diameter in a work- 
piece. Both the variation in workpiece size and the error in tool 
size are factors that determine the fit between workpiece and locator. 
Obviously, the smaller the tolerance of a dimension machined in an 
operation, the closer the locator must be held to keep errors in 
location within corresponding limits. But the closer the tool toler¬ 
ance, the more the cost. A satisfactory compromise must be sought 
to get the work done at the lowest possible cost. Experience indi¬ 
cates what that should be in most cases. For critical dimensions 
of fixtures, jigs and gages, common practice is to permit tolerances 
of 5 to 20 per cent (most commonly 10 per cent) of the tolerance to 
be achieved in an operation. Even so, clos6 tolerances should not 
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be applied indiscriminately. A tool designer needs to be familiar 
with the normal limitations of toolmaking. If closer performance 
seems necessary in any case, the designer must investigate its feas¬ 
ibility. 

It is customary and economical to use standard commercial 
cutting tools and details for fixtures, jigs, dies, and gages. The 
tolerances to which these items are made are published in literature 
describing the tools. That information is useful in putting these 
standard items into a design and in fixing the specifications of special 
tools similar to the standard ones. 

Since any tool detail cannot be mafle to an exact size and is sub¬ 
ject to wear, as few parts as possible should be used for any locating 
device to keep down the accumulation of errors. 

Different dem^ms for a specific purpose may give different degrees 
of accuracy. Conventional chucking devices and modifications fur¬ 
nish an example. For turning and boring, the three-jaw universal 
scroll chuck offers wide adjustments, versatility, rapidity of opera¬ 
tion, heavy gripping power, and ruggedness. Because of the num¬ 
ber of parts it contains, all having errors, this type of chuck cannot 
always be expected to locate a workpiece accurately. High-grade 
chucks are guaranteed to have an initial runout not over 0.003-in. 
total indicator reading. That accuracy can be kept for a long time 
if the chucks are used carefully. But too often they are abused. 
In one place about 25 chucks that were in use were checked for run¬ 
out, and the best showed a runout of 0.007 in. total indicator reading. 
For rough surfaces a runout of 0.010 in. or more is acceptable, and 
serrated jaws for biting into the work material are usually placed 
on the three jaw chuck as indicated in Fig. 202A. 

For gripping semi-finished or finished surfaces, smooth soft jaws 
are applied to the universal three-jaw scroll chuck and for accuracy 
are turned or bored in place under gripping pressure, as depicted in 
Fig. 202B. According to the Warner and Swasey Co.,® workpieces 
can be held to a concentricity of 0.002 in. with a previously machined 
chucking surface by this means. For long runs, it may be necessary 
to retrue the soft jaws occasionally as they wear. 

For accuracy closer than 0.002 in. on the scroll chuck, the actual 
function of location is taken from the jaws, which are left only with 

® J. II. Longstreet, and W. K. Bailey, Turret Lathe Operator's Manvaly pa^ge 
129. Cleveland, Ohio: The Warner and Swasey Co., 1940. 




Fig. 202C. 

426 































TOOL DESIGN 


427 



Figs. 202D and E 

Fig. 202. Chucjking artangements of various degrees of accuracy. 
(A) Standard hardened and serrated leversible top jaws and back stops 
applied to universal chucks. For clarity, only one jaw is shown on each 
chuck. (B) For accuracy, soft jaw^s are applied to a universal chuck 
and turned or borcxl under gripping pressure. Such jaws may also be 
hardened and ground in position under gripping pressure. (C) Work- 
piece held in soft jaws and tool guided by revolving pilot for accurate 
concentricity, (D and E) Workpieces located on plugs. (Courtesy 
Warner & Swasey Co., Cleveland.) 


that of gripping. One arrangement, shown in Fig. 202C, has the 
piece held in the jaws, but the tool guided in relation to an internal 
bore by a revolving pilot. A plug mounted on the chuck body may 
be the locator, as shown in Fig. 202D and E. The plug is indicated, 
finish-turned, or ground in place for truth. The concentricity at¬ 
tained depends upon the fit between the plug and the workpiece. 
The jaws float so that they grip firmly with compensated pressures 
on the piece located by the plug in the center hole. 

For closer confinement other types of chucks are available in 
which range, versatility, and to some extent holding power are 
sacrificed. One of these is the sliding-jaw chuck, illustrated in 
Fig. 203B. The sliding jaws are held under gripping pressure by a 
spider, while the removable jaws are bored or ground in position 
to the size of the workpiece surface to be gripped. A concentricity 
of 0.001 in. T.I.R. is possible with this type of chuck. Another 
type of chuck, however, known as the diaphragm chuck, is shown 
in Fig. 203C. The jaws on this chuck likewise are ground in posi- 
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(1) Diaphragm, Jawbase, Backplate 
and Counterweights hydrogen • 
welded into integral unit for 
strength, lightness and compact* 
ness. 

(2) Counterweights counteract cen* 
trifugal force of Jaws, thus permit* 
ting high speeds, suitable for dia¬ 
mond boring. 

(3) Cup shaped diaphragm is not 
dependent on pilot ht and can de¬ 
flect without losing location. 

{A) Work Stop, either receding with 
piston or fixed solid in adapter 
plate. 

(5) Jaws are tigidly mounted, yet 
adjustable. 

(oj Diaphragm assembly is chip 
proof, 

(7) Built-in '.ylinder, piston and adap¬ 
ter plate ure of aluminum alloy for 
lightness and strength. 


Fig. 203C 

Fig. 203. Cyhucking arrangeinents for greater accuracy. (A) A 
collet chuck. (B) A sliding jaw chuck. The permanent jaws slide on 
accurate wedges and have adjustable jaws fastened to them. The lat¬ 
ter can be set to approximate size and ground in position. (Courtesy 
of Bryant Chucking Grinder Co., Springfield, Vt.) (C) A cross section 
of a diaphragm chuc^k. (Courtesy N. A. Woodworth Co., Detroit.) 


tion under pressure for accuracy. The manufacturer guarantees 
concentricity of 0.0005 in. T.I.R. if the workpiece chucking diameter 
is held to 0.002 in. tolerance and a concentricity of 0,0002 in. T.I.R. 
if the chucking diameter is within 0.0005 in. 

Although errors must he expected in all constructions, much can be 
done by positive measures to impart accuracy to tools. Details of fix¬ 
tures, jigs, dies, and gages that require accurate location should be 
held by dowels, splines, or keys, in addition to screws. Screws 
should not have to perform the double function of locating and 
holding. The fixed V-blocks of the jigs of Figs. 168 and 170 are 
held by scjrews and located by dowels. 

Where several pieces are to be placed in a fixture or jig, they 
should not be located one against the other. If that is done, ultimate 
location depends upon the accumulated accuracy of the pieces, 
which is not as close as that of the tool. Rather, the workpieces 
should be located independently, although several or all may be 
clamped by one motion. 
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The jig leaf of Fig. 170 is guided at both ends so that positioning 
it is not left entirely to the hinge. In any event, hinge pins of the 
sort shown in Fig. 170 should be a tight fit in the inner member and 
loose, for turning, in the outer member. That results in the least 
freedom for the leaf. Clamping of the workpiece in the jig is done 
entirely by the tapered V-blocks. If clamps were to be placed in 
the leaf, they might tend to spring it and impair the locations of the 
bushings. The support for the leaf in the open position protects 
the leaf from abuse and consequent misalignment when it is thrown 
back. That is a measure to preserve the accuracy of the jig. 

One or more tools may be held in a block on an automatic lathe 
slide. For rough operations, with tolerances of 0.010 in. and over, 



Fig. 204. A precision boring bar with hard nonh^rrous strips. Wear on th(' 
guiding surface or pilot is reduced and the life of the bar is lengthened by this 
application. (Courtesy Scully Jones & Co., Chicago.) 

such tools can be set in place on the machine with the aid of common 
measuring instnunents. To make the setting easier and more ac¬ 
curate, a gage may be supplied for the tool block. More accurate 
results may be obtained by making the tool block removable. The 
block may locate in a dovetail way against a stop. When the tools 
in one block become dull, the block is removed from the machine and 
replaced by a spare having sharpened tools already positioned. 
The tool holder containing the dull tools is sent to the grinding room, 
where the tools are removed from the holder, sharpened to template, 
reset in the holder to gage, and returned to the machine. Tools are 
commonly preset in this manner and perform consistently on jobs 
holding tolerances of ±0.001 in. and less.^ 

Wear inevitably adds to the variations experienced over a period 
of time. It is usually desirable to insert wear-resistant materials 

* Tool Holders and Tool Setting Devices—Data Sheet Detroit, Mich.: Carboloy 
Co., Inc., 1941. 
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in areas subject to wear on fixtures, jigs, and gages. Where com¬ 
paratively large details are needed, it is desirable to use low-cost 
machine steel, carburized and hardened. More expensive materials 
are commonly inserted at critical spots where their use is advan¬ 
tageous. The indexing device of Fig. 197 has hardened tool steel 
inserts where wear may occur. Figure 204 shows a precision-boring 



Fig. 205. Extremely hard sapphire wear-strips inserted in and bonded to a 
steel block to make a woar-resLstant V-locator. (Courtesy Sapphire Products 
Div., Elgin National Watch Co., Elgin, 111.) 


bar, with its pilot diameter reinforced for wear resistance by cast 
nonferrous alloy strips. 

Figure 205 shows sapphire strips inserted and bonded in place 
to form the surfaces of a V-locator. Application of this material to 
tools and gages have been reported with a useful life 7000 times that 
of steel. 

An indication of the wear resistant properties of common ma¬ 
terials subject to rubbing or abrasion is given by Table 7. 
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TABLE 7 

Wear Resistance of Tool Materials to Direct Abrasion* 


Ratio of Wear in Terms 
of Amount of Metal 

Surface Material Removed in a Given Time 

Heavy metal carbides (tungsti^ii or titanium carbide) 1 

Hard nonferrous alloys (like Stellite). 15 

Hardened alloy steel. 25 

Hardened plain carbide steel (or case hardened steel) 40 


* Reported bv E. E. LeVan, ‘‘Wear of Metallic Surfaces/^ Metals ami Alloys, 
July 1937, Vol. *8, No. 7, page 206. 

Wearing surfaces should be as small as possible without sacrifice 
of too mwch durability. The benefits gained from small locating 
surfaces are: (1) less time for cleaning, (2) a reduced chance for 
lodgment of disturbing particles, (3) a more realistic approach to 
the mean plane of a rough surface, (4) some saving in material and 
labor. Offsetting these benefits is the greater rate of wear, causing 
higher tool maintenance costs. 



0 iO 20 30 40 50 

UNIT PRESSURE - POUNDS PER SO.IN 


Fig, 206. Wear of a hard steel plug subjected to metal contact 
with a hard steel split ring under various pressures. (Reported by 
French and Herschman, “Wear of Steels with Particular Reference to 
Plug Gages,” Trans. ASST, Vol. 10, 1926.) 
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The optimum area is that which provides the most economical 
balance between savings and impairment. As the area decreases 
under a given load, the pressure increases. Under high pressures 
the rate of wear increases rapidly. A clue to economical conditions 
is given by the curve of Fig. 206. That curve applies strictly to the 
conditions of the tests for which it stands. It does indicate, though, 
that for pressures under 25 Ib/in.^, there is likely to be little difference 
in the rate of wear. This conforms to practical experience. In the 
standard practice of one large plant, pressures up* to 25 Ib/in.^ are 
allowed for bearing and contact surfaces. 

The forces acting on the locating surface, that arise from normal 
loading, should be considered. They may be the weight of the part 
or the direct manual effort exerted by the operator. It is not de¬ 
sirable that actual clamping should produce sliding over the locators, 
as that causes unnecessary and excessive wear. 


Example 25: A process for machining the bracket of Fig. 5 includes 
milling the large face with the integral key. It is desired to rest on the 
rough underside of the section, to secure uniform thickness, on three buttons 
}/2 in. in diameter. What will be the pressure on these locators, and will 
it be excessive? 

As workpieces are placed on the buttons and slid into place, wear wdll 
be imposed mostly by the weight of the workpiece, about 5 lb. The average 
force sustained by each button is 1% lb. The area of each button is ir/16 in.^ 
The pressure on each button is 


5/3 

tt/K) 


8.5 lb/in.2 


This pressure should not impose a rate of wear appreciably greater than 
would take place if the locating surface were to underlie all of the available 
section of the w^orkpiece. 


The longer the bearing between a drill and a bushing in a jig, the 
more the wear. The length of bearing for the drill should, in fixed 
bushings, be about \Yi to 2 times the diameter of the drill; in slip 
bushings about 2 to 3 times. More bearing than this does not add 
much to accuracy, and any excess length within the bushing should 
be relieved to keep down wear. 

If drill bushings are brought close to the workpiece, the chips 
must pass through the bushings. This increases wear, but in some 
cases that disadvantage is tolerated because the drill is located nearer 



434 


TOOL DESIGN 


to the work, and chips are carried out of the jig where they are 
disposed of more easily. 

As cutting tools and dies wear^ the results they produce change. 
Form tools, particularly, change in shape and size. It is customary 
to dimension such tools to leave the most possible material on them 
for wear. Wear resistant materials, like cemented carbides, have 
been widely adopted for cutting tools because of the longer periods 
over which they produce accurate results. A typical report® on 



Fig. 207. A die block with wear-resistant cemented-carbide inserts. (Cour¬ 
tesy Carboloy Co., Inc., Detroit.) 

machining heat-treated steel shafts showed 1284 in.® of metal removed 
per grind by cemented-carbide tools as compared with 160 in.® per 
grind for high-speed steel tools, at a cost of $1.42 per shaft in the 
first case as against $3.19 in the second. 

Figure 207 shows how a die block may be made with cemented- 
carbide inserts. Although a cemented-carbide blanking or piercing 
die does not produce a better product than a similar, properly de¬ 
signed steel die during the first part of its run, the cemented-carbide 
die has been found able to continue giving the same quality over 
extremely long runs. A leading manufacturer of cemented carbide 
die inserts reports for stamping a life of 20 to 40 times and for forming 
a life of 10 to 30 times, and even as high as 75 times, as much as for 
high-speed steel dies. 

* Cyril Donaldson, and George H. LeCain, Tool Design, page 153. New 
York: Harper and Bros., 1943. 
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Tools often have parts that move in relation to each other. Machine 
tools particularly, have such surfaces in the forms of bearings and 
ways. Normally, uniform wear of such surfaces is not deleterious 
if not excessive, but localized wear generally is damaging. Impair¬ 
ment may result from concentrations of pressures in small areas, 
from lack of guards or covers to keep chips and abrasive particles 
from the surfaces, from lack of lubrication, or from actual mistreat¬ 
ment. Provisions must be made to avoid these situations as much 
as possible. The indexing device of Fig. 197 has dust shields to 
prevent the entrance of foreign particles and means for lubricating 
the bearings. 

An allowance for wear is often given to ^'go^' work and inspection 
gages, since they receive more wear. The wear allowance is added 
to and taken on the same sid.^ as the gagemaker's tolerance, to make 
the total tolerance of the ‘^go^^ gage. 

Deflection is always present where forces of any size bear upon 
physical objects. To a certain extent forces can be predicted and 
deflection anticipated in tools. But variations in materials, speeds, 
feeds, and other factors bring about changes in deflet^tion that result 
in variations in the results obtained. A dull cutting tool, for in¬ 
stance, may give rise to several times the force of a sharp one. De¬ 
flection can never be eliminated, but it can be reduced to minor 
proportions. It follows that if deflections are small, variations in 
them will be correspondingly smaller. 

Forces causing deflection may come from handling, clamping, or 
cutting action. A gage is deflected if it is forced over a workpiece. 
A workpiece in a fixture or jig may be deflected by cutting forces if 
it is not adequately supported. Clamping forces may distort a 
fixture if it is not rugged enough. Tools must be designed for a 
minimum of deflection in their own members. They must also give 
adequate support to the work. 

Positive measures must be taken to protect against deflection. Little 
can be done oftentimes to alter the character of a workpiece if it is 
frail and deflects easily under necessary cutting and clamping forces, 
but proper precautions can be adopted to overcome any such condi¬ 
tion. In the first place, clamps should never be applied to an over¬ 
hanging section of a workpiece but, instead, should bear directly 
over fixed locating rests or stops, if possible. If those facilities are 
lacking, clamping forces should be opposed by adjustable supports. 
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An example of a commonly used form of adjustable support, known 
as a jack support, is shown in Fig. 208. A fixture having two jack 
supports is in Fig. 65. 

li is important that devices employed as reinforcements against 
deflection do not themselves introduce additional deflection, A suitable 
adjustable support must not be capable of performing its function 



Fig. 208. An example of the use of a jack support. The top surface 
of the casting is supported against deflection when milled by the ad¬ 
justable post that makes contact with the underside? of the workpiece 
without springing it upward. At the same time, the support is locked 
to prevent its giving under load. (Courtesy N. A. Woodworth Co., 
Detroit.) 


because of the initial force it may exert but rather because it is not 
reversible. Adequate precautions include means of preventing an 
operator from exerting excessive force in applying the support. An 
example of this principle is in Fig. 209. The support screw can be 
brought up too strongly by the operator and may distort the work- 
piece. The machined face is thus thrown out of line when the flange 
springs back after the piece is released. In this case, a support 
screw with a nonreversing thread and a torque-limiting device built 
into its head may be used. Another satisfactory device has the 
support brought up to the work only by a light spring,,and the 
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operator just locks the support in place without adding to the force 
put on the work. 

Supports should directly oppose forces. Quite often deflection 
and accompanying vibration or chatter can be limited to desirable 
amounts only by a restriction of production rates. In a machining 
operation, it is not unusual that, to control deflection, the speed and 
feed may have to be held below what the machine and cutters will 
stand economically. The remedy is found in better tooling. Fig- 



Fig. 209. How an improperly applied support deflects a workpiece. 
The machined face is thrown out of line when the piece is released from 
the fixture and the flange returns to its normal position. 


ure 210 illustrates such a case. In view A the workpiece is shown as it 
was held originally, firmly secured to the table, but lacking support 
near the surface where the facing cut was taken. Later a fixture was 
furnished, as shown in B, to reinforce the workpiece, and allowed a 
higher rate of production, sufficient to pay its cost from the savings 
realized from only a few parts. 

In the form of a general principle, it may be said that it is desirable 
to place the cutting zone as close to the machine table as possible. 
However, if circumstances dictate that the forces must act some 
distance above the table, then the surface taking the thrust must be 
adequately reinforced, as nearly as possible in line with the cut. 

Adequate holding devices are arranged so that deflection inducing 
forces are transmitted to rigid ba^ic mernbers. All clamping strain 
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should be taken care of within a fixture. None of it should be 
transmitted to the table of the machine. The provision of sufficient 
material properly proportioned to limit deflection is an important 
consideration for tools. 

Thermal expansion may be appreciable when considerable energy 
is dissipated into heat in a manufacturing operation. The effect 
upon accuracy of large expansions and contractions is obvious. 
But even small temperature changes may determine the accuracy 
obtainable in precision work. The jig boring machine of Fig. 100 



Fig. 210A 


is a highly sensitive instrument. A skillful operator can space two 
holes to within one or two ten-thousandths of an inch. But the 
drilling and boring of the holes introduces heat. A rise in the 
temperature of the workpiece of 10° is not unusual. In a distance 
of 10 in., an expansion of 0.0006 in. in iron or steel takes place and 
adds an appreciable error to the results. 

The results of thermal expansion are most pronounced where 
dissimilar metals are involved. Steel has a coefficient of expaAsion 
of 6.36 X 10~® in./in./F°, and aluminum 1.234 X 10“® ii\./in./F°. 
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Thus, for each degree change in temperature, aluminum expands 
approximately twice as much as steel. Aluminum pieces 100 in. 
long are not uncommon in aircraft stmctures. Such a piece, having 
a hole' near each end, expands about 0.025 in. between the holes 
for a 20° rise in temperature. In contrast, a steel jig for these holes 
expands only about 0.013 in. for the same temperature rise. A limit 
of accuracy is clearly discernible if various pieces of the same kind 
are drilled at different temperatures. 

The most effective manner of minimizing the effects of thermal 



Fig. 210B 

Fig. 210. A gear case being face milled. View (A) shows the sort of setup 
often found on what might be regarded as production work. Setup time is high, 
and adequate work support is lacking. 

In view (B) the same operation is being performed with the aid of a simple, 
yet effective, fixture which provides support for the workpiece near the surface 
where the cutting forces are applied. Setup time is shorter and a faster feed can 
be utilized. Although in the particular instance only a relatively small number 
of castings were to be milled, the fixture more than paid for itself on the first few^ 
castings. (Courtesy Kempsmith Machine Co., Milwaukee.) 
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expansion is to moderate the temperature differential. Circum¬ 
stances by which temperature may be controlled are: 

1. The employment of sharp tools of proper shape, which re¬ 
quire a minimum of energy and produce less heat. 

2. Provisions for adequate heat dissipation from tools and 
machines. For instance, any situation should be avoided where 
chips are allowed to cover hot oil manifolds or lines in a hydraulic 
system. 

3. Uniformity of power consumption. If a workpiece moves 
through several stations, an overload of work at any one station 
may produce an undesirable rise of temperature in the workpiece 
at that station. 

4. An ample supply of coolant. An important function of a 
cutting fluid is to cool workpiece and tools. Provision should be 
made so the fluid can be applied easily and gain access to all areas. 

5. Controlled room temperatures. Air is often held at constant 
temperatures in plants fabricating aluminum and magnesium. 

Dirt, chips, and burrs interfere decidedly with workpiece location, 
positioning, and gaging. Every possible precaution should be taken 
in the design of tools to reduce the affect of such disturbances. 

A fundamental rule of tool design is that locating surfaces should 
be as small as is consistent with durability. The smaller the area, 
the easier it is to clean. Hardened blocks and buttons are com¬ 
monly inserted in fixtures and jigs for this reason. 

Sharp corners should be avoided between locating surfaces. They 
catch dust and dirt and are hard to clean. Grooves like those in 
Fig. 211 act as vents for small unwanted particles and clear burrs 
on the workpiece. 

Locating surfaces should be elevated above surrounding surfaces 
so that particles can fall clear of their own accord. Also, ample 
space around the locators makes it easier to remove chips from the 
vicinity. Pockets where chips can accumulate should be avoided. 
If possible, chips should fall away from, rather than on to, the locat¬ 
ing surface when the work is removed. It is desirable to keep lo¬ 
cators completely covered by the work, so that chips cannot collect 
on any part of them. 

Access to locators should be free for cleaning and observation. 

Cross grooves with sharp edges may be put in rest plates. The 
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edges scrape and clean a workpiece surface as it is moved over the 
plate. 

An example of good design with respect to chip control, as well 
as in other respects, is shown in Fig. 198. 

When a cutting fluid is used in a machining operation, considera¬ 
tion should be given to means of directing it most efficiently toward 
washing the working area free of chips and dirt. Ample passage 
also should be provided to enable the cutting fluifl to carry the refuse 
from the working zone. Figures 231 and 53 illustrate such means. 

When the use of fluid is not desirable in an operation, jets of 
compressed air may be applied to blow unwanted particles from 
locating surfaces. Such an installation is shown in Fig. 32. 

Dirt and chips may interfere with the operation of and cause 



Fig. 211. Examples of relief grooves to clear chips, dirt, and burrs. 


wear in a mechanism if they are not kept out. For dependable 
service, it is well to shield mechanisms, like the indexing device of 
Fig. 197. 

Distoition and permanent deformation, scratching, scoring, and 
nicking are among the chief causes of mutilation of workpieces. Iti 
themselves, these defects are common grounds for rejection but they 
also contribute to impairing locating surfaces and increasing errors. 
Where they are likely to occur, they must be anticipated. For 
instance, it is good practice to use soft jaws, sometimes tipped wdth 
brass or copper, for chucking on finished surfaces. It may often be 
desirable to supply special containers, racks, or other safeguards 
for workpieces after surfaces on them have been finished. 

Errors due to limits of skilly inatterdioriy fatigue, and inability to 
see closely are inherent to some extent in every human endeavor. 
Many devices have been developed to mitigate tlie effects of human 
deficiencies. Tools may be refined to almost any degree to make up 
for the operators' shortcomings. As an illustration, consider a tool 
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brought up to face a shoulder on a workpiece in production. This 
may be done® by experienced operators positioning the carriage of a 
turret lathe against a standard fixed stop to limits of dbO.OOl in. 
However, when closer limits must be held in production, indicators, 
dial stops, or special micrometer stops are necessary to aid the 
operator in bringing the carriage manually to position. For greater 
precision, hydraulic devices can be arranged to position a tool con¬ 
sistently with less error than is discernible on a dial-indicator gage. 

In precision cylindrical grinding, a skilled operator can manip¬ 
ulate the crossfeed handwheel to a definite stop to produce a dimen¬ 
sion to within 0.001 in. in production. Hydraulic grinders on which 
the grinding wheel is brought to position automatically, without 
exercise of exceptional skill on the part of the operator, regularly 
turn out work to tolerances of less than 0.0005 in. The addition of 
a grinding gage, like that of Fig. 201, makes performance possible 
to 0.0001 to 0.0002 in. consistently. 

The workpiece of Fig. 189 may be inspected in a number of 
ways. Several require skill, like the use of a sine bar. One solu¬ 
tion to the problem of checking the piece easily and quickly is the 
special combination gage shown in Fig. 189. 

A basic purpose of all tools is to provide means of achieving 
accuracy with the least skill and effort. The extent to which any 
tool is refined for that purpose depends upon the accuracy required 
and the expense justified. 


SUMMARY 

The purpose of tool design is to devise and proportion the tools 
to carry out the production plans most efficiently. To do that, the 
following steps are taken. 

1. Determine what the tool must do and under what limitations 
it must perform. 

2. Select or devise the form of the tool to meet the requirements. 

3. Arrange and proportion the tool to do the job most efficiently. 

For the second step, an acquaintance with the various types of 
tools is necessary. For the third step, consideration must be given 
to what will provide: 

® J. R. Longstreet, and W. K. Bailey, Turret Lathe Operator's Manualf page 26. 
Cleveland, Ohio: The Warner and Swasoy Co., 1940. 
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a. Economy. 

b. Adaptability to the operation. 

c. Accuracy. 

For economy, tools must be designed so that they can be both 
made and operated at the lowest cost and still meet requirements. 
This permeates all other considerations. 

Tools must be proportioned for the kind of material they are to 
act upon; the shape of the workpiece; to suit the size, range, and 
capacity of the machine; to fit in with other tools; and to help the 
operator. 

For accuracy, the causes of errors must be considered. Errors 
in an operation arise from: 

1. Variations in the sizes of rough workpieces. 

2. Variations in material. .. 

3. Intrinsic defects in machines and tools. 

4. Wear. 

5. Deflection. 

6. Thermal expansion. 

7. Dirt, chips, and workpiece mutilation. 

8. Human deficiencies. 

Sometimes allowances must be made for unavoidable errors, but 
often positive measures can be taken in well-designed tools to min¬ 
imize the effects of each of the causes of error. 

QUESTIONS 

1. What is the responsibility of tool design? 

2. Define a tool. What does the term tool include? 

3. How may a tool design department be organized? 

4. What three steps are involved in the design of any tool? 

5. What three main considerations are involved in proportioning a tool? 

6. What are machine tools? What contact does the tool designer have 
with them? 

7. Define a fixture. How may fixtures be classified? What are some 
of the common types? 

8. Define a jig. How are jigs usually classified? AVhat are some com¬ 
mon types? 

9. What are cutting tools? How' may they be classified? 
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10. Why should standard cutting tools be used wherever possible? 

11. What kinds of dies are used for cutting metal? For shaping metal? 
Describe them. 

12. What kinds of dies perform more than one operation at the same time? 

13. Define a gage. Why are gages used? 

14. Name and describe the principal types of gages. 

16. How may gages be classified according to accuracy, purpose, or use? 

16. Wliat two considerations enter into tool economy? 

17. To conform to wdiat factors in an operation must a tool be designed? 
Give examples. 

18. What are the causes of error in manufacturing? 

19. How may tools serve to reduce iminufacturing errors? 

20. How do variations in rough workpieces cause variations in results? 

21. How do variations in material condition affect manufacturing toler¬ 
ances? . 

22. What two factors determine the fit between a workpiece and locator? 

23. What part of the tolerance to be achieved in an operation is usually 
given to critical tool dimensions? 

24. How may reference to published tolerances of standard tools and 
details be helpful to the tool designer? 

26. Explain how differences in design may affect accuracy. 

26. Are mechanical linkages desirable for locators? Why? 

27. Describe positive measures which may be taken in the design of tfjols 
to insure accuracy over a long life. 

28. How may wear in tools be kept down? 

29. What are common wear-resistant materials? 

30. What is done to economize on wear-resistant materials? 

31. What is the relative resistance to wear offered by the common ma¬ 
terials used for that purpose? 

32. What benefits are gained from small locating surfaces? 

33. What determines the size of a locating surface? 

34. What range of pressures are satisfactory for locating surfaces? 

36. How are drill jig bushings designed to minimize wear? Is more than 
minimum wear ever tolerated? Why? 

36. How may wear be reduced in cutting tools and dies? 

37. What form of wear is most damaging to tools? 
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38. What provisions may be made to keep down wear in a mechanism? 

39 . What forces may cause deflection in manufacturing operations? 

40 . What positive measures may be taken in the design of tools to pro¬ 
tect against too much deflection? 

41 . What may be done to reinforce weak workpieces? 

42 . What precautions must be taken in applying supports to workpieces? 

43 . Where should reinforcements against cutting forces be placed? 

44 . Under what conditions are the effects of th( rmal expansion most 
pronounced? 

46 . How may temperature changes be kept down? 

46 . How can locators be arranged to minimize the effects of dirt, chips, 
and burrs? 

47 . How can cutting fluid or compressed air be used to cut down the 
effects of external disturbances? 

48 . What may be done to allay operators^ shortcomings? 
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An outline of clampins considerations 

The purposes of clamphig are to bring a workpiece firmly against 
the points and surfaces that locate it and to hold it there securely 
against all disturbing forces. To fulfill these purposes, a clamp 
must direct and maintain a ^hrce. The choice of a clamp to do this 
effectively involves a series of considerations. They are: 

1. The sizes of clamping forces needed for a particular applica¬ 
tion; where they must and can be applied; in what directions they 
should act. The chief factors affecting this decision are: 

a. The type of locator and the positions of the locating sur¬ 
faces. 

b. The niggedness or frailty of the workpiece. 

c. The surface or surfaces available for contact. 

d. The condition of surfaces on which forces are to be imposed. 

e. The directions and sizes of the cutting forces to be opposed. 

2. The economy of clamping, which involves a choice on the basis 
of: 

a. The mechanisms available. 

b. The advantages of complicated and quick acting devices 
as compared to simpler but slower ones. 

c. The feasibility of combinations. 

3. The source and size of the force available for actuating the 
clamp. 

4. The proportions of a clamping device to enable it to put forth 
a desired force and to resist excessive reactions. 

Each of these considerations is governed by certain principles. 
Under the limitation of our present incomplete knowledge of the 
subject, the application of these principles cannot always be precise, 
and the exercise of judgment is more often than not necessary to 
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arrive at a workable compromise. But for either course, an under¬ 
standing of the principles is necessary for guidance. 

THE FACTORS AFFEaiNG THE POSITIONS, DIREaiONS, 
AND SIZES OF CLAMPING FORCES 

The nature of the locating surfaces 

Locating and clam'ping are two different concerns. They are re¬ 
lated only to the extent that the choice of clamping means is partly 
influenced by location. The latter should not be governed by the 
former. It would be a mistake to try to select first an attractive 
clamping device for a jig or fixture and then to fix the locating points 
entirely from the standpoint of how well they match the clamping 



A 



Fig. 212. How clamping forces must act 
with respect to locators. 

(A) The locating points are A, By and 
C. The component of the clamping force 
normal to the plane should pass through 
the shaded area. 

(B) The force F© creates an unopposed 
moment and should be avoided. The 
correct application is the force Fi acting 
between the locators. 

(C) The force must be within the 
zone shown for stability. 

(D) Extension of the line of action of 
a single horizontal clamping force, F//, 
must pass Iwtween outside locating points. 

(E) Fe must pass between the two 
points of contact to secure the part in the 
V. 
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method. The locating decision must be made on the basis of the 
most effective way to position the surfaces to be worked in an opera¬ 
tion. Then clamping enters to give stability to the location. 

Obviously, a clamping effort must be directed so that it does not 
upset the location of the piece on which it acts. This places initial 
restrictions upon the direction and position of every clamping force. 
Thus, if a piece is located on three spots in a horizontal plane, as 
indicated in Fig. 212A, only a vertical force, or component, can 



WORKPIECE MAY REGISTER ROLL INSERTED TO BRING 

AGAINST EITHER JAW. ONE SIDE AGAINST A JAW. 


Fig. 213. A Piece with nonparallel sides clamped in a vise. 


press the piece against the locators. If the points are A, S, and C, 
the vertical clamping force must pass within the shaded triangular 
area to avoid tipping. 

A common example of the difficulty that may ensue from neglect 
of the principle of directing a clamping force within the locating 
area is given by a piece held on untrue sides in a vise, as indicated 
in Fig. 213A. Such a piece between plain vise jaws may register 
against either jaw. Positive location against the fixed jaw, the more 
accurate, is a matter of chance unless the movable jaw is relieved 
or a roll is inserted to bring the clamping force well inside the edges, 
like in Fig. 213B. 

Where a clamping force cannot be brought to bear directly on 
top of a piece, it may have to be arranged to act with a downward 
component. The swinging pinch clamp of Fig, ,215 should be made 
to touch the workpiece only after it has passed the top of its travel, 
so that it pulls down as it presses against the work. 

A horizontal clamping force, acting in the direction of a single 
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end stop, like in Fig. 212B, must not bear, like F'o, in such a way as 
to set up a moment away from the other locators. Instead, it should 
act like F\, between the locators. Likewise, a component like F 2 in 
view C must pass between the two locators that oppose it. If two 
horizontal clamping forces are combined into one, acting like Fu 
in Fig. 212D, it must pass between the two extreme locating points. 
It follows, too, that a force Fj^, in Fig. 212E, must act between the 
points of contact of workpiece and V to be effective. In Figs. 168 
and 170 that is done. 

The strength of the workpiece 

A force acting within a locating area, such as the shaded area of 
Fig. 212A, must be further restricted so that it does not deform the 
workpiece. If a piece is heavy and strong, it may be possible to 
clamp it anywhere without fear of distortion. However, care must 
be taken to avoid clamping on weak sections without proper sup¬ 
port. In general, clamping forces should bear upon heavy se(*.tions 
directly supported by fixed locators, wherever possible. 

In Fig. 142 the small cylinder blocks are held down by strap 
clamps bearing on top of each block. The sections of a block are 
sufficiently heavy to transmit the forces to the locating surface that 
underlies the entire finished bottom surface. Another cylinder 
block, shown in Fig. 141, is clamped by a similar device, this time 
bearing directly on the locating flange, but still within the locating 
area. 

The large cylinder block shown in Fig. 143 rests on locators at 
the ends of the bottom surface. The strap clamps are applied 
directly over the locators. 

In spite of all that can be done, there are times when the fixed 
locators are not adequate to support a piece as it should be against 
the clamping forces. Circumstances may make it necessary to 
apply the clamping forces outside pf the locating area, to apply 
them where they may cause distortion even though they fall within 
the locating area, or to apply the forces on sections that are likely 
to deflect even though they are above fixed supports. For instance, 
the flange of the casting, outlined in the fixture of Fig. 65, is located 
on four buttons, but the section there is strong enough so that the 
clamp may be placed between the buttons. However, the end to 
be milled must be held down also. An unopposed clamp so far from 
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the bearing surface could undoubtedly be expected to distort the 
piece. To avoid distortion, an adjustable support is provided under 
the overhanging secition. Adjustable supports are also used to resist 
deformation from cutting forces. 

The availability of clamping surfaces 

The most natural surfaces for clamping may not always be avail¬ 
able for that purpose, necessitating recourse to others less desirable. 
Normally, surfaces that are machined in an opertttion are not acces¬ 
sible also fur clamping. For inst^ance, the piece in the fixture of 
Fig. 214 has most of its top surface machined in the operation illus- 



Fig. 214. A machine tool part milled on a vertical milling machine. The 
surfaces finished include a dovetail and fiats. The various cutters needed for 
the operation are mounted in a quick change adapter. 

The fixtures utilize strap clamps bearing on top unfinished surfaces and sidtj 
and end screws to push the piece against the locators. A jack support, operated 
by the knob in front, supplements the fixed locators. (Courtesy Cincinnati 
Milling Machine Co., Cincinnati.) 
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trated, so that the area available for vertical clamping is limited to 
strips along the sides. 

The condition of clamping surfaces 

When the entire top of a piece must be machined, clamping must 
be confined to the sides. If the sides are rough, the clamps may be 
made to dig into the surfaces and pull the piece down, like in Fig. 
215a. A common example is that of the use of serrated chuck jaws 
for gripping castings or forgings in initial operations. 



DESIREABLE UNDESIREABLE 

THRUST IS TAKEN BY FIXED STOP, THRUST IS AGAINST CLAMP. 

AND CLAMP ACTS TO HOLD WORK- 
PIECE AGAINST STOP AND RESIST 
LIFTING EFFECT. 

Fig. 215. Forces should be opposed by fixed stops. 

If the sides of a piece are finished, friction from the pressure 
between the clamps and locators must be relied upon to retain the 
work. The die castings of Fig. 32 have a light cut taken over most 
of their top surfaces. Each is held against any tendency to pull out 
by the clamping action of two V^s bearing on the side. Even more 
significant is the case shown in Fig. 216. Each piece held in that 
fixture is milled on two ends as well as on the top at the same time, 
and the only available surfaces for clamping are the two sides. 

The casting of Fig. 148 is machined on two sides at the same time. 
Clamping must be confined to the top, necessitating the rigging shown 
to carry the clamps. 
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The cutting forces to be opposed 

Analysis of cutting forces. In addition to bringing a workpiece 
into proper location, a purpose of clamping is to hold the piece 
securely in that position against the action of cutting forces tending 
to disturb the setting. Thus, in the placement of clamps and 
locators, consideration must be given to the forces it is necessary to 
overcome. 



Fig. 216. Two pieces each milled on top and two ends by gang-milling cut- 
ttirs. The parts are gripped in a vise-like fixture, w’hich has the bolt attached to 
the clamping jaw brought through the body so that the nut is accessible on the 
operator’s side, aw^ay from the cutters. (Court>esy Cincinnati Milling Machine 
Co., Cincinnati.) 

A single-point tool turning a piece in a* lathe is found to be sub¬ 
jected to a force that has three components. The principal com¬ 
ponent is the vertical or tangential force, so-called because it is 
vertical to the top of the tool and tangential to the work surface. 
There is also a longitudinal or traversing force, arising from the 
feed or traverse of the tool in the longitudinal direction of the work- 
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piece. A third component is the radial or surfacing force, which 
tends to separate the tool radially from the surface of the workpiece. 

The cutting edges of all tools, single point or multiple point, 
have been shown to give rise to two or three forces equivalent to 
those acting on a turning tool. For instance, a straight-tooth plain 
milling cutter is subject at each cutting edge to a tangential force 
vertical to the face of the tooth, and a radial force. 



A COMPOSITION OF THE TANGENTIAL FORCE IN SLAB MILLING 



B COMPOSITION OF THE TANGENTIAL FORCE IN FACE MILLING. 

Fig. 217. Forces acting on milling cutters. 

The direction of the resultant tangential force upon a plain mill¬ 
ing cutter is determined by the individual tooth components. When 
the cut is shallow, the resultant tangential force may be nearly par¬ 
allel to the direction of feed, but deviates from the horizontal by an 
angle 8 of Fig. 217A. The angle 8 increases as the ratio of depth of 
cut to cutter diameter increases. In the same way the individual 
radial components are resolved into a radial force perpendicular to 
the tangential force. 
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For a wide cut in face milling where a large number of teeth are 
the cut, the resultant tangential component is nearly at 
right angles to the direction of feed, as indicated by the angle d = 90^" 
in Fig. 217B, In addition to the tangential force, radial and axial 
forces normally may be expected. 

The forces in conventional face milling act in horizontal and 
vertical directions, and the cutting forces described for slab milling 
may be resolved into two components, one in tlte direction of the 
feed and the other normal thereto. For up-milliiig, the downward 
component of the radial force may actually exceed the upward com¬ 
ponent of the tangential force if the cut is shallow, and the vertical 
component acts downward.^ As the depth (rf ^-^^ut is increased the 
vertical component actually reverses in direction and must be opposed 
by a vertical clamping force. In down-milling, the vertical force is 
always downward and increases in intensity with the depth of cut. 

Similar analyses can be made to determine the directions of the 
cutting forces and their components with respect to the locators in 
any kind of machining operation. However, it should be emphasized 
that such analyses can only be looked upon as estimates. 

In addition to the actual cutting forces, moments that may be 
produced and must be resisted should not be overlooked. In slab 
milling, for instance, the horizontal component should be placed 
as near to the elevation of the side stops as possible, but often must 
be somewhat above. Thus, a moment is created between the hori¬ 
zontal component and the reaction of the locator, as indicated in 
Fig. 215. 

The directions of cutting forces and their components are com¬ 
paratively easy to ascertain, but an estimate of their intensities 
is often difficult to make. In the first place, the forces depend 
upon the conditions under which the operation is conducted; the 
feed, speed, depth of cut, etc. It is not always possible to predict 
just Avhat these will actually turn out to be. Although investiga¬ 
tions have been made of the forces encountered with many materials, 
tools, and under many cutting conditions, it may not be possible to 
find data applicable exactly to every specific case. However, it is 
quite feasible on most occasions by the exercise of judgment to 
estimate the extent of the largest forces that may act. If there is 

^ A Treatise on Milling and Milling Machines^ Vol. 2, pages 298-303. Cin¬ 
cinnati, Ohio: The Cincinnati Milling Machine Company, 1946. 
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any doubt as to their sufficiency, a factor of safety may be appropri¬ 
ate to cover contingencies. It is the extreme condition that clamping 
must be prepared to meet. 

Within the space of this text, no comprehensive presentation can 
be made of the subject of metal cutting. For basic information 
about cutting forces, reference is made to handbooks, manuals, and 
treatises on the subject, specifically to those cited in the bibliography 
at the end of this chapter. To illustrate the analytical use of such 
data, some examples follow. 

Example 25: The workpiece in the jig of Fig. 218 is cast iron. Two 
holes, each J^-in. diameter, are to be drilled through the end bosses. The 
drill is to be fed at 0.007 in. per revolution. What is the thrust force acting 
at each hole? 

According to Boston ,2 the thrust B for cast iron in terms of feed f and 
drill diameter is: 

B - 14,720 

- 14,720 X 0.007° ° X ^ 

= 281.2 lb 

Differences in web thickness, dull drills, and variations in material may 
bring about a greater than the theoretical thrust. Excessive forces are not 



Fig. 218. A sketch of a drill jig. 

*0. W. Boston, Metal Processing, page 271. New York: John Wiley and 
Sons, Inc., 1941. 
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normally as dangerous in drilling as in milling. The part is fully enclosed 
so there is little chance for it to escape. Any movement of the piece can 
only be in the direction of the hole, and only small location errors ai'e likely 
to be introduced by even very large overloads. Consequently, a factor for 
contingencies of I should be ample for most drilling operations, and many 
satisfactory drill jigs have allowance for none at all. 

With a factor of 1^, the maximum estimated thrust per hole is: 

281 X 1.25 = 350 lb (approx.) 

Example 26: The piece of Fig. 219 is 1 in. in dianioter and 6 in. long. 
A gr^ve in. wide and 3^ in. deep Is to be milled in it. The cutter is 

H.S.b., 6 in. in diameter, runs at 100 s.f.p.m. or 64 r.p.m, (apinoximately), 
has 16 teeth, and is to be fed at 0.006 in. pei tooth. 

The feed rate is 

0.006 X 15 X 64 == 6.76 in./min 



Fig. 219. The forces acting on a round piece held in a V. 
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The metal removal rate is 

% X M X 5.76 = 0.270 in.Vmin 

The power required’ is 

2.5 X .27’/" = .934 h.p. 

The tangential force’ is 

AM O . 34211, 

The position of Fr, for which its vertical component, Fv, is a maximum, 
is tangent to the cutter at the top of the work. As indicated in Fig. 219, 
Ft then acts at an angle 5, such tliat, 

2 75 

cos 5 = = 0.9167 

o 

or 5 = 23° 33' 

and Fv = Ft sin 6 = 342 X 0.3996 = 137 lb 

In addition, there is a radial force with a downward component, which 
would act to reduce the total vertical force. If that is neglected, the estimate 
is that much more conservative. An arbitrary factor for contingencies of 
2J4 gives: 

137 X = 308 lb maximum vertical force 
which may be taken as the extreme value for Fv 

Problem 76. The cylinder block of Fig. 142 is rough bored to 2.480-in. 
diameter by a four-blade boring tool that removes JiS ± in. of stock from 
a side at a feed of in. per revolution. Of two diametrically opposite teeth, 
one may be taking a cut in. wide and the other ^ in. wide at any instant, 
thus unbalancing the forces between them. The material is cast iron. 
Estimate the maximum differeiK^e between the tangential forces and longi¬ 
tudinal forces acting on the cylinder wall. 

Problem 76. A groove 3^ in. deep by ^4 in. wide is milled in the piece 
of Fig. 221 by a H.S.S, cutter, 6 in. in diameter having 16 teeth. The ma¬ 
terial is S.A.E. 4150 steel with a B.H.N. of 190. Estimate the maximum 
value of the vertical force Fv- 

Problem 77. The piece held in the fixture of Fig. 216 has dimensions 
and is milled on surfaces indicated in Fig. 220. The material is S.A.E. 
3145 steel. A maximum of in. stock is removed from each surface. . For 
the H.S.S. cutters shown, estimate the maximum vertical force and horizontal 
force. 

Clamping reactions to cutting forces, A clamp may serve to coun¬ 
teract cutting forces by: 

* A Treatise on Milling and Milling Machines^ Vol. .2, pp. 273 to 299. Cin¬ 
cinnati, Ohio: The Cincinnati Milling Machine Co., 1946. 
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1. Holding a workpiece against fixed locators to enable them to 
receive the major thrust, leaving minor forces for the clamp to resist. 

2. Taking the thrust directly. 

3. Pressing a workpiece against a surface to set up a frictional 
force. 

4. Digging into a workpiece and pinching a workpiece against a 
sharp locator. 



Whenever possible, the principal cutting force or forces should 
be directed against fixed locating points. This in itself tends to 
seat the work even more securely in its intended location. Fixed 
locators are normally more rigid than movable members and more 
resistant to deflection. Thus, in Fig. 215, the condition shown on 
the left, where the largest component of the milling force is directed 
against the fixed stop, is preferable to that on the right, where the 
clamp takes the thrust. 

Provision for adequate clamping requires that the directions of 
the forces of an operation be determined and that at least a rough 
estimate of their sizes be made. Then clamps of sufficient strength 
must be provided to meet forces not otherwise opposed. Pieces 
located from points arranged in co-ordinate plane on the 3-2-1 prin¬ 
ciple usually require the most clamping attention. The direction of 
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clamping forces against all locating points is not always possible, as 
has been shown, so the arrangements take many forms. 

In Fig. 214 the ideal is almost achieved in clamping a heavy 
piece firmly against the locators in three co-ordinate planes. Two 
screws on the side and one on the end push against the 2-1 locating 
points, while the strap clamps press down on the base plane. 

Each part of Fig. 216 can be clamped in only one direction be¬ 
cause of the extensive cut taken over three sides. The fixed jaw 
of the fixture against which each piece is pressed may be considered 
the base plane. Thus, in this case, forces in the 2-1 directions are 
counteracted largely by friction forces. 

The casting of Fig. 210 has its entire upper surface milled, which 
does not allow clamps on top. The nature of the cut is such that 
the only vertical force is the one caused by the moment between the 
horizontal cutting forces and the locator reactions. This is taken 
care of by the squeeze between the horizontal clamps and their 
opposed locators, which also receive the horizontal forces. 

Some types of locators do away with the necessity of clamping 
in certain directions. A pin or plug eliminates all horizontal move¬ 
ment if used as a locator in a vertical hole in a workpiece. Two 
such pins eliminate all chance of extensive rotation as well. Conse¬ 
quently, when two pins are used, clamping in one direction only is 
necessary. This is illustrated by the jig of Fig. 198. The master 
rod is located on the plug and pin and needs only to be clamped 
down by the bushing plate. 

The light die casting of Fig. 27 locates over pins that confine it 
horizontally. Vertical forces are incidental and the light toggle 
clamp is sufficient for holding down the parts. 

Sizes of clamping forces. In Fig. 221 the piece is held down by 
two strap clamps, while a groove is milled through the center. For 
simplicity we may assume that all horizontal cutting forces are 
fully opposed by stops, not shown. The vertical component,* 
is the only one to be neutralized by the clamps. The question is 
how much vertical clamping force is necessary to prevent the vertical 
force, Fvf from moving the piece from the base on which it is pressed? 
If the piece is lifted ever so slightly, location will be impaired. 
Cutting forces are periodic, and even a momentary rise in the work- 
piece may result in chatter. These situations must be avoided. 
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As pointed out before, a fundamental precept of clamping is that 
a clamping force should be applied directly over a locating surface, 
if at all possible, through a heavy section of the workpiece that will 
not spring. In that situation the piece under the clamps is relatively 
inelastic in comparison with the flexibility of the clamping mechanism. 

If the nut on the left clamp is tightened enough to induce a load W 
on the clamp, a force Fi is brought to bear on the work, such that: 

/r, = (83) 

F\ from the clamp is opposed by an equal and opposite reaction (Ri) 
of the work and is transmitted through the workpiece section to act 



fully on the locator as Fi, If the workpiece moves upward, the 
clamp must likewise move. But the clamp is spnmg by the initial 
reaction Ri; and if the clamp is to be deflected more, Ri must be in¬ 
creased. Furthermore, since the workpiece section is rigid, the 
forces Fi and F 2 will disappear the instant contact between the 
workpiece and base is broken. Thus, any additions to the reactions, 
to deflect the clamps more must come entirely from the disturbing 
force, Fv. As long as the force imposed by a clamp exceeds the 
reaction at the point of contact caused by the vertical force Fv, 
no movement of the workpiece can take place. When Fv is less 
than that contained by Fi and F 2 , it acts merely to reduce the bearing 
forces Fi and F 2 '. 

This is an illustration of the principle that a clamp must impress 
on a workpiece an initial force greater than any reaction it may re- 
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ceive if movement of the workpiece is to be avoided during an opera¬ 
tion. The extent to which pains may be taken to eliminate all 
possible movement is another matter. Usually it is desirable to do 
so, but for practical reasons some displacement may be tolerated 
under adverse conditions. 

Example 27: A thrust of 350 lb per hole was indicated by Exami)le 25 
for the piece sketched in Fij?. 218. If both holes were drilled at once the 
load on the clamp washer and nut would be 2 X 350 = 700 lb. 

For one hole, 

W = 350 X = 630 lb 
1.875 

For one or two holes at a time, there is not much difference in the load 
on the clamp. 

Example 28: The workpiece illustrated in P"ig. 219 and described in 
Example 26 is held in a V-fixture, similar to that shown in Fig. 222. The 
maximum vertical cutting force has been estimated to be about 300 lb. 
What must be the clamping force, Fc, to hold the workpiece in the V against 
the vertical cutting force, Fr? 

When Fc is just great enough to oppose Ff, the reaction from the lower 
part/ of the V, indi(;ated by dashed lines in Fig. 219, will have ceased to exist. 
If friction is neglected, the piece is found to be held by the equilibrium of 
forces Fvf Fn, and Fc, all passing through its center. They form the force 
triangle, drawn in Fig. 219, on which Fc = Fv in one plane. 

The friction forces/F a^ and/Fc are not included, but should be recognized. 
It is difficult to assign exact values to them, and only small values exist under 
all conditions. Their exclusion raises the margin of safety and does not add 
excessively to the requirements. 

The clamp bears on the workpiece at two points, with forces Fc', which are 
assumed equal. If Fv is placed at the end of the workpiece, let Fc == 300 lb 
and the total load on the end of the clamp = 600 pounds. At the stud, 

IFxnin = X 600 = 875 lb (approx.) 

2 . / 5 

Problem 78. The clamping distances for the cylinder block of Fig. 142 
are shown in Fig. 223. The clamps are applied on the top surface of the 
block, 12 in. above the bottom of the base. Using the values for the max¬ 
imum tangential and longitudinal cutting forces ascertained in Problem 75, 
calculate the load required at the clamping stud. The part is located on 
two pins, which resist all torque. 

Problem 79. If in Fig. 221, I = 4 and p = 1J4, what is the load W*t 
Estimate the cutting forces on the basis of the data given in Problem 76. 

Problem 80. For the two pieces described in Problem 77, what is the 
force W (shown in Fig. 220) that the clamp drawbar must exert if the^coeffi- 




Fig. 222. A fixture for milling a groove or flat on a round bar. The work- 
piece is located in a V and against an end stop. A single clamp grips the piece. 
The clamping handle does away with the necessity of using a loose wrench for 
clamping and unclamping. (Courtesy Cincinnati Milling Machine Co., Cin¬ 
cinnati.) 
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cient of friction between clamp or locator and workpiece is taken at 0.3? 
If/= 0.10? 


THE ECONOMY OF CLAMPING 

There are only a few basic types of clamps, but many variations 
of each. Large numbers of these are nicely illustrated in texts and 
reference books of descriptive tool design, and it is not within the 
scope of this text to duplicate those presentations. To suit the re¬ 



quirements of any particular application, one or more variations of 
several types are usually available. The choice of one from those 
rests upon economics. The economic principles governing choice 
with specific references to clamping devices were covered in Chaps. 3 
and 4. 

Combined clamps 

For heavy pieces and severe operations, separate clamps may 
have to be installed for each direction of location, sometimes several 
clamps in one or two directions. That has been done for the cases 
of Figs. 214 and 231. For light pieces and cuts it is often possible 
to arrange for one clamp to serve for more than one direction of 
location. Obviously, economy is promoted by reducing the number 
of clamps requiring attention in an operation. 

The components of a single clamping force. The simplest form of 
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combined clamp is one placed with its line of action between two 
desired clamping directions so that its components act against two 
sets of locators. Such an arrangement is indicated by Fig. 224, 
where the clamping force Fh is directed so as to bring components 
to bear on the locators A, J5, and C. 


One problem is to determine the di¬ 
rection and position of the single force 
to set up equal reactions at aU the 
locating points. In other words, in 
Fig. 224, what shall be the position and 
direction of so that /fj = U 2 - Rz 
= ft? 

The resultant of R^ and fta, equal 
to 2ft, passes through D, midway 
between R% and fta extended. Since 
three coplanar forces in equilibrium 
must be concurrent, Fjj also passes 
through D, wliich is the same distance, 
a, from the side of the piece as fti. If 
friction is neglected. 



Fig. 224. A single clamping 
force opposed by three locators. 


and 


a = 63° 26' 


also - = tan a and ^ — ^ 

X 2 

Thus, the point of application of Fm depends only on a for the condi¬ 
tions specified. 


Problem 81, I^et X be any distance from ED, along the side of the 
piece. Fn is apjdied at an angle 8 to pass through D. What is the relation¬ 
ship between fti, R2, and fts? 

Problem 82. Let Fn be applied at any point along the side of the piece 
at a distance X from ED at such an angle V that it does not pass through D, 
What is the general relationship between fti, R2, and R^*^ 


The combined clamping action of centralizers. Only a single clamp¬ 
ing force through one section is normally applied to hold a piece in 
a V, like in Fig. 212E. The force is evidently most effective when it 
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passes through the center of the V in that the reactions from the 
sides then are equal. 

Although clamping is a secondary function of centralizers, such 
devices do have the advantage of being able to deliver forces in two 
directions from a single application. In Fig. 170, the centralizing V, 
which acts as a clamp, and the fixed V are modified by having a 
slight taper in their inside faces. That makes it possible to fix the 
piece in all three directions by means of one clamping movement. 



Fig. 225. A universal fixture adapted for holding two pieces for 
straddle milling their ends. The cylindrical pieces are located in V 
blocks and clamped through an equalizer by one movement of the 
clamping lever. (Courtesy Swartz Tool Products Co., Detroit.) 

For the light milling operation of Fig. 32, the pieces are ade¬ 
quately held between two V's, and each is clamped by the movement 
of one lever. 

Equalizers. Clamping devices that serve to distribute one clamp¬ 
ing effort over two or more surfaces are known as equalizers. As 
the name implies, such a device tends to equalize the clamping force 
between the surfaces to which it is applied. The surfaces may be 
on one part or they may be on different parts. In other words, 
equalizers make it possible to apply forces to one part in more.than 
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one spot by a single action, or to clamp several parts by one motion. 
Obviously, this means a saving of clamping effort in any case where 
it is used. 

Equalizers are not to be confused wiih centralizers. The primary 
object of the latter is to provide specialized location. That they 
also give a certain amount of clamping is secondary, although bene¬ 
ficial. The sole purpose of equalizers is to clamp. Accjordingly, 
centralizers are usually mounted in a specific an l related manner 



Fig. 226. A diagram of an equalizing device. 


with respect to the other locators, usually on the body of a jig or 
fixture. Like other clamps, equalizers may have a somewhat vari¬ 
able position with respect to the locators, on comparatively free 
members like a swinging arm of a fixture or the leaf of a jig. 

The commonest foim of equalizer is a pivoted clamping bar. 
Such a device is incjorporated into the fixture of Fig. 225. The 
contact pad for two pieces is pivoted on a pin through the clamping 
arm. Both workpieces are held in place by the movement of the 
one clamping bar. 

The bottom conical locators for the two pieces held in the jig 
of Fig. 43 are mounted on an equalizer, in the manner sketched in 
Fig. 226. When the bushing plate descends to clamp two parts at 
once, the equalizer compensates for unequal lengths and supports 
the pieces evenly. 
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Equalization is accomplished through springs in the jig of Fig. 44. 
When the two heads are brought down on pieces of unequal thickness 
by the a^'tion of the single lever, contact is assured for both by the 
pressure supplied by the springs on the vertical shafts shown at the 
rear. Normally, these springs are covered, but the covers have been 
removed to reveal the presence of the springs. 



Fig. 227. A cross section of a standard universal fixture arranged 
for double-equalized clamping. Through the single lever, the cross 
shaft with spiral teeth is turned. Its t«eth contact spiral teeth on the 
vertical clamping posts. The cross shaft is allowed a certain amount of 
end play. When one of the clamps is seated and stops moving, the 
cross shaft can continue to turn, moving axially, until it brings the other 
clamp in contact with its piece. (Courtesy Swartz Tool Products Co., 
Detroit.) 


Another type of equalizer utilizes the principle of spiral gearing, 
as sketched in Fig. 227, Two clamps are brought down on two 
unequal surfaces by a single lever acting through a cross shaft. The 
clamp posts have spiral rack teeth that engage with spiral teeth on 
the shaft. When one clamp is brought to bear before the other, the 
cross shaft continues to turn, by moving axially, and draws down 
the second clamp until it is tight. 

In Fig. 228 a milling fixture for a manifold is shown that equalizes 
the clamping pressure supplied by the one upper lever onto" four 
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flanges. The effort is first divided into two parts by a spiral gear 
mechanism already described; and then each component is again 
divided by a pivoted bar equalizer. 

Ordinary clamps may have a certain amount of equalizing effect. 



Fig. 228. A rapid and convenient milling fixture for a manifold. All four 
flanges are clamped by the equalizing mechanism at the top. ^ This mechanism 
makes use of both the spiral gear equalizer and pivoted bars, in order to divide 
the clamping effort four ways. In the base, 4 adjustable supports are actuated 
by one lever. (Courtesy Swartz Tool Products Co., Detroit.) 

A clamping plate or strap, like any other object, must have at least 
three points of bearing, and more are superfluous. The typical strap 
clamp, sketched in Fig. 229, illustrates how the bearing points may 
be emphasized in the shape of the clamp. The curvature on the 
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Fig. 229. A typical strap clamp having three-point bearing. 
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bottom of one end of the body approaches a single contact point. 
The other end is relieved except for two points. Either end may be 
made to bear on the workpiece surface, depending upon whether 
one or two points of contact are desired there. Such a clamp can 
be arranged to accommodate reasonable irregularities in the work- 
piece. 

Figure 142 shows how advantage may be taken of a three-point 
bearing. The clamp over the top of each piece is forked to provide 



Fig. 230. A hole-spacing device being used in conjunction with a standard 
radial drill for positioning and drilling holes in a workpiece. This arrangement 
is commonly used to supplant jigs in manufacturing. The work is located in a 
definite position on the table of the positioner. The table is carried upon a sad¬ 
dle. Movement is obtained hydraulically in two co-ordinate horizontal direc¬ 
tions and positioning is accomplished automatically through a series of accurately 
preset stops on both table and saddle. Repetition of settings is secured to very 
small tolerances. The radial arm of the drill press is supported by an outboard 
support to add rigidity. (Courtesy Bullard Co., Bridgeport, Conn.) 






CLAMPING PRlNaPLES 


471 


clearance for the boring tool, but also to hold down the cylinder on 
two sides of the bore. In Fig. 141 the strap damp is forked to divide 
the pressure between both sides of the flange, adding to the stability 
of the setting. 

The round piece of Fig. 222 is sufficiently long to benefit from 
the equivalent of four points of contact from the V and is held 
against these four points by the one clamp. In addition, friction is 
enough to prevent turning about the workpiece axis and keep the 
piece from tooving away from the end stop. 



Fig. 231. A milling operation for removing flash and cutting necessary 
clearance at bottom between the bosses of a steering knuckle. The installation 
provides means for reducing the cycle time of the operation in two ways. A 
variable hydraulic-feed manufacturing-type milling machine is used that permits 
a high feed rate across the bosses, where the cut is very light, and a slower feed 
when the cutters bottom between the bosses. Also, the fixture is mounted on 
an automatic indexing base which rotates 180® when the movement of the table 
withdraws it from the cutters. The operator has only to load and unload the 
workpieces, which he can do two at a time during the cutting period, and start 
the automatic cycle. A copious supply of coolant washes the chips away from 
the cutting area down the slots for that purpose into a pan from which they can 
be removed conveniently in bulk. (Courtesy Cincinnati Milling Machine Co., 
Cincinnati.) 
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In Fig. 231 a single clamp is brought to bear on the tops of two 
pieces at the same time. 

There are other types of equalizers; some operated by rollers, 
balls, heavy confined grease, or conical contacts. No matter what 
the means, the principle for all is the same as for those described. 

THE SOURCES AND SIZES OF CLAMP-ACTUATING FORCES 

Manual clampins forces 

Most clamps are hand-operated. What they can do depends 
upon what can be put into them. The force that an operator can 
exert on a lever or handle depends on his strength. It is well known 
that human strengths vary widely. What is a light task for one 
person may be too much of a burden for another. A person cannot 
expend his utmost continuously for a long period of time. If move¬ 
ments are frequent, the loads must be lighter than if they are widely 
spaced. To judge how much a clamp must be able to increase the 
force applied to it, we must have some idea of the hast amount of 
force that it is reasonable to expect will be put into it. 

The force that a clamp puts out reacts back on it. A sensitive 
device that gives a large clamping force when manipulated by a 
weak operator may be subjected to tremendous reactions when oper¬ 
ated by a strong person. Thus, a clamp must be arranged to hold 
tightly with reasonable effort and also be rugged enough to with¬ 
stand abuse. To judge the stress to which a clamp may be sub¬ 
jected, we must have some idea of the largest forces that may be 
imposed on it. 

Manual clamping forces vary with the application. There are 
many muscle groups in the human body that can be put into action 
to exert...forces. One act may require one group; another act a 
different group. For any one person, a si>ecific effort has been 
shown to vary with the height and distance at which it takes place.^ 
An operator can pull harder on a lever in a convenient position than 
if it is too high or too low. He can pull more with one type of lever 
than another. An approximation of the maximum forces that it 
was found average individuals could exert on several types of levers 
is given in Table 8. It should be understood that for any |>articular 


* See Chap. 4. 
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device the actual force will be somewhat different, depending upon 
the position of the lever. However, these discrepancies, except for 
unfavorable conditions, are much less than the differences between 
many people. 


TABLE 8 

Summary of Manual Forces Exerted on Various Types of Levers 

Average Force 
{Lbs) 


Single lever; 

Push or pull vertically irom al)out. 20 to 35 in. above floor level 95 

From about 35 to 50 in. ab<3vc floor levf*1. 65 

Push or pull horizontally. 65 

Crossbars; 

Push and pull vertically or horizontally; unfavorable positions 

eliminated. 160 

Handwheel: 

Vertical and parallel to body. 125 

Vertical and perpendicular to bo<lv. 160 

Horizontal. 140 


These figures are intended to give an approximate idea of forces that can be 
exert<;d on controls. The actual force exerted in any case varies considerably 
with the position of th(i control and the physique of the operator. The values 
provide a rough guide for estimating reasonable loads for clamping devices. 

The averages are based on studies of W. P. Kiihne, ^‘Studies on the Optimum 
Force Exerted on Machine Controls," Industrielle Psychotechnik^ Vol. 3, No. 6, 
pp. 167-172, June 1926, as reported by R. M. Barnes, Motion and Time Study^ 
p. 239, John Wiley and Sons, Inc., 19^. 

The Siewek Tool Co. has determined that 85 to 100 in.-lb torque 
can be exerted on hand knobs without the use of a wrench. 

The strength of a person can be measured on a dynamometer. 
However, testing of all the strengths of an individual is not neces¬ 
sary to find his overall physical ability. Cureton has reported*^ 
that the intercorrelations between various dynamometrical strength 
tests average about 0.90. Four events, right- and left-hand grips, 
back lift, and leg lift, are considered proportional to total strength. 
Table 9 lists the averages of these strengths, as well as a few others, 
for a large number of cases. 

The distribidion of human strengths, like many other physical 
phenomena, may be approximated by a normal curve. Most of 

®T. K. Cureton, Physical Fitness Appraisal and Guidance^ page 368. St. 
Louis, Mo.; The C. V. Mosby Co., 1947. 
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TABLE 9 

Results of Strength Tests 


Action 

Force in Pounds 

Source 

Maximum 

Mean 

Minimum 

Max. 

Min. 

Min. 

Mean 

Grip 

166 

109 

52 

3.2 

0.48 

(1) 

Grip 

148 

95 

42 

3.5 

0.44 

(2) 

Grip 

154 

103 

52 

3.0 

0.51 

(3) 

Right grip 

183 

124 

65 

2.8 

0.52 

(4) 

Left grip 

165 

113 

61 

2.7 

0.54 

(4) 

Back lift 

568 

364 

160 

3.6 

0.44 

(4) 

Back lift 

496 

314 

132 

3.8 

0.42 

(a) 

Back lift 

545 

368 

191 

2.0 

i 0.52 

(3) 

Back lift 

541 

343 

145 

3.7 

0.42 

(4) 

I^g lift 

1012 

617 

322 

3.5 

0.52 

(4) 

Arm push 

464 

252 

40 

11.6 

0.16 

(4) 

Arm pull 

115 

79 

33 

3.5 

0.42 

(4) 





4.0 

0.45 

.\vt'rage 


(1) 10,593 employed males—14''65 years of age. 

(2) 1,328 unemployed males—14-65 years of age. 

(3) 1,735 students—16-40 years of age. 

Reported by E. P. Cathcart, E. R. Hughes and J. G. Chalmers, “The Physique 
of Man in Industry,’' Industrial Health Research Board, Medical Research 
Council, London, England, No, 71, 1935. 

(4) Averages for 250 entering college men reported by F. W. Cozens— 
“Strength Tests as Measures of General Athletic Ability in College Men,” 
Research Qvarterly of American Association for Health and Physical Education^ 
Vol. XI, No. 1, March 1940. 


the cases are clustered around the mean. Away from the mean in 
both directions the number of cases becomes less and less. In this 
tabulation the maxima and minima have been taken at the three 
sigma limits of the reported observations, within which practically 
all cases fall. The figures indicate that the greatest strength in most 
actions is normally between three and four times the least. Also, 
that the lowest is a little less than half the mean. 

If a clamp were made to impose a force of 500 lb when 30 lb were 
applied to it, it is possible that someone might fasten the clamp with 
a force of 120 lb and cause it to impose a load of 2000 lb, four times 
the minimum. As a result, the clamping mechanism would suffer a 
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reaction of 2000 lb instead of the normal 500 lb. Consequently, 
the device must be made to withstand at least 2000 lb, although 
intended to deliver only 500 lb for satisfactory service. 

Actual exertion is not always the utmost. General figures, like 
those given, can at best serve only as a guide to judgment in assign¬ 
ing values to the strength that may be applied to any specific control. 
This was brought out a number of years ago in the experience of a 
machine tool manufacturer. A semi-special production milling ma¬ 
chine was developed for the automotive industry, and a large num¬ 
ber of the machines were put into servic^e successfully in Detroit. 
The starting lever on that type of machine was connected directly 
to a large hydraulic valve and required a force of about 90 lb to turn 
it over at the beginning of each milling cycle. Unskilled, but strong, 
operators ran the machines, and no complaint was heard about any 
difficulty. Later, several of the same kind of machines were sold 
to a gun manufacturer in New England. The work to which they 
were put was not so repetitive and required a higher degree of skill. 
The workers in the gun plant objected to the effort required to start 
the machines. For the degree of skill required, it was difficult to 
find men willing to put forth the continual effort needed to run the 
machines. The millers eventually had to be altered so that they 
could be started through a pilot valve, requiring much less effort. 

In many cases the willingness of an operator may have more 
bearing upon the effort he puts forth than does his ability. Gener¬ 
ally, people are inclined to exert less than their utmost. The fre¬ 
quency of an action has a decided influence upon willingness. A 
person is more able and agreeable to make large exertions if they 
are spaced at intervals than if they must be continuous. In each 
case judgment must be exercised in estimating a probable lower level 
of performance. The clamping device must then be proportioned 
to act adequately with that least expected input. In all cases, 
that level should be well below the range of strength of the class of 
operators handling the device. 

Air «nd hydraulic sources of clampitis forces 

To supplant manual effort, air or hydraulic cylinders are often 
used to actuate clamping devices. Sometimes force is applied di¬ 
rectly from a piston rod for clamping, but it is considered better 
practice to transmit the force through a linkage that is self-locking 
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and steps up the force. If the air or hydraulic pressure should fall 
off at a critical time, the self-locking feature keeps the clamped 
object from coming loose. The use of mechanical advantage allows 
a lower pressure for the same size of cylinder than would be needed 
if there were no advantage. 

Clamping pressure should be applied to the rod side of a piston, 
and the releasing pressure to the full area. The force for release 
will thus be greater than that for clamping, and there will be less 
likelihood of sticking clamps. The force provided by the pressure 
on the rod side of the piston must, of course, be adequate to meet 
clamping requirements. 

For an air or hydraulic cylinder, the clamping force, in pounds, 
delivered is 

Fc = AhP . 

= {A^ - Aj^P 

= ^ (1)2 - d*)P = 0.7854(1)2 - d2)P (84) 

where 

Ar — area on the rod side of the piston, in square inches, 

Af = full area of piston, in square inches, 

Al — cross-sectional area of rod, in square inches. 

D = diameter of piston, in inches 

d = diameter of rod, in inches 

P = air or hydraulic pressure, pounds per square inch. 

Most factories have air under 80 to 100 Ib/in.^ pressure,® but in 
many cases it may drop as low as 40 to 50 lb in remote areas, espe¬ 
cially if the compressors are overburdened. 

Hydraulic pressure is usually secured from individual units, 
although sometimes it may be taken from the machine circuit, if the 
machine has a hydraulic drive. Commercial units are available to 
supply almost any pressure up to 1000-1200 Ib/in.^, and even much 
higher if desired. 

The economic advantages of air and hydraulic clamping were 
discussed in Chap. 4. 

•Harry L. Steyvart, ^‘Air and Hydraulic Clamping for Jigs and Fixtures, 
The Tool Erigimer, Dec. 1948, VoL XXI, No, 6, page 25, . 
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PROPORTIONS OF CLAMPING DEVICES 
Types of clamps 

A clamp must impose a minimum force in a definite direction and 
maintain that force as long as needed. But in any specific case, a 
clamp is also subject to restrictions of space, accessibility, and maneu¬ 
verability. To meet these requirements is a problem calling for a 
knowledge of proven devices, ingenuity, and analysis. 

All fasteners employ one or more variations of the simple means 
of securing mechanical advantage. These are the wedge and its 
more intricate aspects, the screw and cam, and the lever, including 
its composite form, the toggle. The lever is comiiionly used together 
with at least one of the others because of its simplicity. 

An acquaintance with an array of proven constructions is helpful 
in choosing the right type of clamp for a particular situation. Many 
forms are shown in books of descriptive tool design. In addition, 
ingenuity is often needed to arrange a clamping device to fit a set of 
circumstances. 

Analysis of clamps 

A clamp must have enough leverage to deliver the load required 
of it when actuated by available force. Most clamps must also be 
self-locking; stay in position when the applied force is removed. 
All forms but the simple lever can be made self-locking or non- 
reversible; but that property may vary with each, depending upon 
the given proportions. 

A clamp must have sufficient strength to resist deflection and 
even destruction from the forces and reactions acting upon it and 
between its own members. Most clamp details may be proportioned 
for strength on the same basis as other machine and tool elements. 
In many cases, ample bulk suffices, but sometimes too much inter¬ 
feres with the action of the clamp. For instance, a shaft on which 
a cam turns must be large enough to stand up, but the larger its 
diameter, the more the torque of friction subtracts from that available 
for clamping. 

The principles that prescribe the proportions of clamps for lever¬ 
age, stability, and strength are well known. They are found in 
texts on mechanics, resistance of materials, and the design of ma- 
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chine elements. Space does not permit a review of those subjects 
in this book. 

Example 29: The fixture sketched in Fig. 219 and described in Exam¬ 
ples 26 and 28 must transmit a minimum force of 875 lb through the bolt 
carrying the clamping nut. 

Assume that the operator is able to apply an average force of 65 lb to 
the wrench for tightening the nut. The force may, at times, be as low as 
30 lb, but sometimes as high as 90 lb. 

What should be the diameter of the bolt and the length of the wrench? 
If the application of 30 lb on the Wrench is to induce a force of 875 lb 
in the bolt, that member must be able to withstand a proportional force of 
2625 lb caused by the application of 90 lb to the wrench. A permissible 
tensile stress of 10,000 Ib/in.^ over the root area of the bolt may be assumed. 
Thus: 

2 

2625 = 10,000 X -7^ = 10,000 X 7-77-: = 5454^2 

* 4 1.44 X 4 

where 

d ~ \2dr == nominal diameter of bolt, in inches, 
dr = root diameter of bolt, in inches. 

d — V^O 48 = 0.694 in. 

Choose a bolt in diameter. 

A practical relation between the torque on a nut and the force induced 
in a bolt is:^ 

T ^ FL = 0:2dW (85) 

where 

T = torque on nut, in inch-pounds, 

F = force at end of wrench, in pounds, 

L == length of lever arm, in inches, 
d = diameter of bolt, in inches, 

W = force induced in bolt, in j^ounds. 

In this case, 

^ 0.2 X 0.688 X 875 , . 

^-M- 

It may be desirable to add an inch or two to the length of the wrench 
to suit the operator’s grasp. 

Problem 83. The necessary load on the stud at the roughing station of 
Fig. 142 was called for in Problem 78. Find the size of the stud and the 
length of wrench needed. 

Problem 84. For the fixture of Fig. 221, specify the size of stud for 
each clamp and a suitable wrench length to provide the load W called for 
in Problem 79. 

^ M. F. Spotts, Design of Machine Elements ^ page 117. New York: Prentice- 
Hall, Inc., 1948. 
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Problem 86. For clamping the two pieces described in Problems 77 
and 80, find a suitable size for the thread on the clamp drawbar and the 
length of wrench needed. 


SUMMARY 

The first purpose of clamping is to press a workpiece against the 
locators. This action must conform to the positions of the locators, 
the surfaces on which contact can be made on the workpiece, and the 
strength of the part. The second purpose is to maintain location 
in opposition to cutting forces tending to upset the fixation. Satis¬ 
faction of that purpose demands compliance to the force relation¬ 
ships revealed by the study of metal cutting. 

Whenever possible, the principal cutting forces should be directed 
against fixed abutments, but that cannot always be done for all forces 
and moments. Clamping and frictional forces must be introduced 
to counteract cutting forces not otherwise restrained. The initial 
clamping forces induced must be larger than the forces they are 
intended to oppose to prevent workpiece movement. 

The most economical clamping device under a set of circum¬ 
stances is the one that should be chosen for the assignment. To 
promote economy, clamping functions may often be combined so 
that two or more can be performed by one device. That may be 
done by positioning clamps advantageously or by using equalizing 
clamps to distribute clamping forces appropriately from a common 
source. 

A clamp transmits and usually amplifies forces applied to it. 
What it can do depends upon what is put into it. What it must 
withstand depends upon the treatment it receives. Where clamps 
are hand-operated, the range and average of human strength deter¬ 
mines the forces applied. Judgment must be exercised in estimat¬ 
ing what that may be in specific situations, but measurements that 
have been made of human abilities are helpful as a guide. For air 
or hydraulic operation, the applied force is the product of the pressure 
times the area on which it acts. 

A determination of the proportions a clamp must have to meet a 
specific situation in accordance with the principles of clamping is 
a problem of mechanics. " 
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QUESTIONS 

1. What considerations are involved in the choice of a clamp? 

2. What factors alfect the positions, directions, and sizes of clamping 
forces? 

3. Which must come first, locating or clamping? Why? 

4. What effects do locating means have upon the positions and direc¬ 
tions of clamping forces? 

6. Why must the strength of the workpiece be considered for clamping 
forces? In general, over what sections of a workpiece should clamping 
forces be brought to bear? 

6 . If a clamping force cannot be applied over a fixed lo(;ator, how may 
it be opposed? 

7. What forces act on a single-point tool? A multipoint tool? A 
milling cutter? Can their sizes be estimated? 

8. In what ways may a clamp act to counteract cutting forces? 

9. Where should the principal cutting forces be directed, whenever 
possible? 

10. Are the direct cutting forces the only ones to be considered? If not, 
what others may be present? 

11. How large a force should a clamp exert on a workpiec^e? Is it always 
practical to do so? 

12. From what arrangements may combined clamj)ing action be ob¬ 
tained? ^ 

13. What are equalizers? How do they differ from centralizers? 

14. Do all clamps have equalizing effects? Explain. 

16. Why is it desirable to be able to estimate upper and lower human 
strength limits? 

16. Is the average clamping force that can be exerted by hand the same 
for all kinds of levers? In general, how does it vary? 

17. How is human strength measured? How is it distributed? 

18. How can strength data be helpful in the solution of clamping prob¬ 
lems? 

19. What is an average practical figure for the ratio between liigh and 
low strength? 

20. What is the most desirable practice in applying force from a piston 
rod for clamping? 

21. What are typical air and hydraulic pressures? 
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A 

Accidents, major causes of, 136 
Accumulation of tolerances, 278-281, 
377, 482-483 (itee also Toler¬ 
ances) 

Accuracy, factors affecting, 134, 135, 
423-442 

defects in tools and machines, 424- 
430 

deflection, 116, 435-438 
dirt, chips and burrs, 101, 102, 133, 
440, 441 

grinding, 120, 121 
human errors, 117-121, 441, 442 
thermal expansion, 43^440 
variations in material, 424 
wear, 134, 430-434 
Acts, 78 

Adapters, quick change, 132 
Adjustable supports, 118, 435-438, 451 
Administrative planning, 243 
Advantage of perception, 41, 116, 120, 
121, 243 

Air: 

cylinder, 88 

uses of compressed, 99, 102,111-114, 
475, 476 
Allowance: 
definition, 268 
gage, 435 
scrap, 182 
stock, 483, 484 

Allowances, cost estimating, 199-201 
Analysis of dimensions, 278-281, 377, 
482-488 

Approach of cutting tool, 201-203 
Approximate factors for estimating, 
225 

Areas, critical (see Critical areas) 
Articulated rod, 318 
Assembly operations, 175, 327 
Atmospheric surfaces, 282-285 
Automatic interlocking gate guards, 
137 

Automatic machines, 47, 81-96, 140, 
166, 207 

Auxiliary services: 
estimating costs of, 175,177-179, 213 


Auxiliary sendees (conVd ): 
indirect costs 178 
planning for economy of, 127-135 
Availability: 

considerations for economy, 15, 144 
of machine tools, 356 
of surfaces for clamping, 451 

B 

Ball bearings, 276 
Barriers, 96, 137-143 
Base: 
labor, 246 

planes and lines, 282, 311 
price^ 180, 185 
Basic size, 268 
Bearing bracket, 316 
Bearing cap, 49, 382 
Bill of material, 296 
Bullet-nosed pins, 91 
Burden (,s‘cc Costs, indirect) 

Burrs, 102, 440, 441 
Bushings (see Drill bushings) 

Buttons: 
control, 103 
locating, 134, 375, 376 

C 

Castings, 150, 151, 175, 298, 301, 302, 
323 

estimating costs of, 185 
Catalogues, 345, 423 
Causes of errors, 423-442 (see also A(;- 
curacy) 

Centers, 390, 392 
Centralizers, 399-402, 465, 466 
Change-over (see Operation setup) 
Checking allowance, 200, 201 
Chips: 

control of, 87, 97, 101, 102, 385, 434, 
440, 441 

loss of process, 179 
removal from m^hines, 130 (see also 
Scrap disposal) 

Choice of lot sizes, 68 
Chucking: 

rings and bosses, 301 
time, 113 
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Chucks: 

accuracy of, 425-428 
fix ure, 414 
gear, 405-409 
typical, 425-428 
Clamping: 

air, 99, 111-114, 475, 476 
combined, 464-472 
considerations, 447 
devices, proportions of, 477-470 (.see 
(Uro Clamps) 

economy of, 85, 97-99, 113, 145-149, 
464-472 
factors: 

availability of surfaces, 451 
cutting forces, 453-458 
locating surfaces, 448, 449 
reactions to cutting forces, 459-462 
strength of workpiece, 450-451 
.surface conditions, 452 
forces: 

air, 99, 475, 476 
components, 464 
factors affecting, 448-463 
hydraulic, 99, 475, 476 
nianual, 99, 472-476 
range of, 474-476 
sources and sizes, 472-476 
hydraulic, 99, 111-114, 475, 476 
principles, 447-481 
Clamps: 

analysis of, 477, 479 
centralizers as, 465, 466 
combined, 87, 464-472 
equalizers, 466-472 
essential features of, 104, 105 
proportions of, 477-479 
quick acting, 97, 99, 145 
sharp, 392, 459 
strap, 95, 469 
types of, 477 

CJlarity, necessity of, 256, 298 
Cleanliness, economy of, 87, 101, 102, 
133, 440, 441 

Clearance surfaces, 282-285 
C’ombined clamps, 87, 464-472 
C\)mbined cuts, 41, 42, 121-124 
Combined operations, 42, 121-127, 328 
Comfortable working conditions, 105- 
107 

Commercial die sets, 154 
Commercial tool details, 152-155 
Commercial universal jigs, 119, 120, 
152, 416 (aee al^o Jigs, universal) 
Comparisons of costs, 43-52 («€c also 
Economy problems) 
Compensation for workpiece variation, 
118, 119, 324, 327 
Composite surfaces, 286 


Condition of machine tools, 356 
Conditions and requirements of a proc¬ 
ess, 295-298, 310 

Conical locators, 3^-394 (see also Ix)- 
cators, conical) 

Conservation of skill, 41, 80, 116-121, 
247 

Control: 

levers, 87, 96, 108, 104, 107, 109 
of quality, 248, 249, 258 
Conveyors, 113, 144, 356 
Coolant, 97, 102, 440, 441 
Costs: 

annual, 36, 43 
auxiliary services: 
economy of, 127-135 
estimating, 177-185, 213 
basis for estimating, 176 
comparison of, 43-52 
direct, 21, 34, 77, 176, 328 
economy of, 81-127 
equipment, comparisons of, 43-52 
estimating, 173-233 (.see also Esti¬ 
mating costs) 

factors in machine selection, 343 
fixed, 21, 176, 328, 344 
definition, 20 
distribution of, 23 
economy of, 77, 145-171 
sources of, 21 
indirect, 28, 61, 176, 213 
definition, 21 
distribution of, 28-31 
economy of, 77, 127-145 
nature of, 28 
of auxiliary services, 178 
items for estimating, 175-177 
labor, 21, 34, 77, 175, 179, 344 
estimating, 185-212 
maintenance, 32, 33, 57-59, 61, 344 
material, 21, 34, 35, 43, 175, 179- 
185 

metel-cutting, 70 

of a manufactured article, 177 

power, 21, 34, 43. 60 

preparation {see Operation setup) 

production, 35 

setup {see Operation setup) 

sources of, 19 

information about, 34 
tool construction, economy of, 145- 
165, 305 
unit, 36, 43 
Cranes, 111, 112, 356 
Critical areas, 310-313, 324, 325, 377 
indicators of, 311 
related surfaces, *324 
tests for, 312 
Critical life, 54 
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Critical life (conVd): 
standards, 55 

Critical manufacturing operations, 324, 
363, 364 

Critical surfaces, 285, 310, 325 
Cutting fluid Coolant) 

Cutting sjHjeds («cc Speeds, cutting) 
Cutting tools, 154, 417, 434, 440 
Cutting zone, close to machine, 437 
Cutoff tool widths, 180 
Cylindrical locators, 387-390 

D 

Datum planes, 282 
Defects in tools and machines, 424 
Deflection, 301, 435 
Depreciation, 23, 58, 62, 175 
functional, 24, 57 
kinds of, 23 

methods of taking, 24-26, 62 
physical, 23 
straight lines, 24 
Design: 

as one part of tool engineering, 4 
factors affecting tool accuracy', 423- 
442 

improvements and changes of prod¬ 
uct, 298-310 

Designing and drafting, 175 
estimating time for, 177, 178 
Dial feed, 101, 139 
Diamond pin locators, 397 -398 
Die castings, 149, 152, 304 306, 308 
Dies: 

estimating costs of, 228-233 {see itlso 
Estimating costs of toeds) 
kinds and types of, 417, 418 
standard sets for, 154 
wear-resistant materials for, 434 
Dimensional analysis, 482-488 
Dimensioning; 

improper, penalties of, 265 
principles of, 265-294 
rules of, 267, 277-289 
tapers, 279 

tool drawings, 287-290 
Dimensions: 
importance of, 265 
limiting, 269 
sj^cified, 286 
without tolerances, 298 
Diminishing returns: 
from tooling, 17 
in metal cutting, 18 
law^ of, 15 

Direct costs {see Costs, direct) 

Direct labor dollar method, 30 
Direct labor hour method, 30 


Direct material method, 29 
Dirt in tools, 97, 101, 440 
Dispatching, 243 

Dispersion of manufacturing, 246, 247 
Disposal: 

of scrap {sec Scrap disposal and 
Chips) 

workpiece, 90-92, 96, 97 
Distribution: 

of fixed costs (.see Costs, fixcjd) 
of human strength, 473-475 
of indirect costf* (eee Costs, indirc‘ct) 
Diversity of woi^ a factor in machines 
selection, 332 

Division of effort or labor, 245-246, 
258, 328 

Down time, 186 (.see als:> Estimating 
costs of labor) 

Drawling, spcjcification, 295 
Drill bushings, 148, 433 
Drilling heads, 157-159 
Drills: 
step, 87, 89 
subland, 89 
Drivers, 302 

Drop discharge, 90-92, 96 
Dual-purpose tools, 87 
Dual stations, 124, 142 

E 

Economic advantages and disadvan¬ 
tages, 41, 42, 79, 80, 245-249, 
328 

Economic justification of machines and 
tools, 80, 249, 328, 422 
Economic life of equipment, 24, 54-59 
Economic lot sizti, 65-69 
Economic tool life, 69-74 
and cutting speed, 69 
for low^est cost, 71 
qualifications of, 72 
Economical tool construction, 145-149 
Economics: 

basic principles of, for tool engineer¬ 
ing, 12-39 

importance to t he tool engineer of, 12 
Economy, 77 

in construction of tools, 145-149 
minimize use of eyes, 103 
shorten and simplify motions, 96- 
102 

motion, principles of, 79, 81-105 
balance w ork, M)2-103 
eliminate holding, 104 
eliminate unnecessary motions, 
81-96 

of clamping {see Clamping, economy 

oO 
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Economy (con^'ii); 
of machine selection. 43-52,155-161, 
340-343 

of material cost, 307 
of tool design, 59-65, 134, 135, 305, 
422 

planning and tooling for, 77-171 
of direct costs, 81-127 
of fixed costs, 145-171 
of indirect costs, 127-145 
problems of, 40-75 
comparisons of costs, 43-52 
economic lot size, 65-69 
economic Ux>l life, 69-75 
kinds of problems, 40 
selection of tools, 59-65 
typical comparisons, 40 
Ejection, automatic, 87 
Ejector, ring, 99 

Elapsed time in toolmaking, 233-235 
Elements, operation, 78, 79 
comparison of, 175 
finding economical form of, 79 
for estimating, 186-199 
Elevator on conveyor, 113 
Energy: 

for shearing, 352 
in flywheel, 353 

Engine lathe elements, 189-199 
Enterprise protection operations, 324 
Equalizers, 466-472 
Equipment, 259 
duplicate, 103 

investment, 21 {see also Investment) 
life, 54r-59 (see also Life, equipment) 
value of old, 22, 60 

Errors, cause of, 423-442 (see also Ac¬ 
curacy) 

Estimate: 

principal items of a cost, 177 
forms, 212-217 
for foundry, 177, 212 
for tools, 177, 217 
Estimating costs: 
approximate: 
factors for, 225 
formulas for, 226, 227 
breakdown by functions, 175 
by comparison of elements, 175 
by over-all comparisons, 175-178 
forms for, 212-217 
items of cost for, 175-177 
nature of costs, 173-175 
of auxiliary services, 175, 177-179, 
213 

direct time, 177 
specific functions, 178 
of fabrication functions, 176, 177, 
179-233 


Estimating costs {confd ): 
of labor, 185-213 
allowances, 199-201 
♦ elements, 186, 187 
engine lathe elements, 189-199 
four phases of production, 186 
machine time, 201-207, 225 
maintenance and down time, 207 
man time, 186, 188 
operation elements, 186, 187 
performance factor, 207 
setup time, 188, 189 
of materials, 179-185, 213 
bar stock, 180 
castings. 184, 185 
drawn snells, 184 
relative value of material, 179 
stampings, 182, 183 
summary of procedure?, 185 
what is included, 179-180 
of tools, 178, 226, 228-233 
comparisons with standards, 228 
dies, 228-233 

typical methods for, 228-233 
principles of, 173-224 
reasons for, 173 

short cuts and variations for, 225-236 
Estimating preparation period, 233-235 
Estimator, duties of, 174, 188 
Expansion of dissimilar metals, 438-440 
Extreme positions, principle of, 377 
Eye movements, 103 

F 

Fabrication costs, economical, 145-152 
Fabrication functions, estimating cost 
of, 176, 177, 179-233 
Fatigue, 105-110 
allowances, 199 
Feeds: 

automatic, 137 
cutting, 18, 204 
rapid, 96, 104 
remote, 139 
Fillets, 151 
Finishes, 355 
Fits, 273-277 

selection of tolerances for, 274, 275 
standard, 276, 277 
Fixtures: 
definition, 414 
double-station, 102, 103 
function of, 104 
kinds and types of, 415 
sliding, 91 

welded, 116, 145, 150 
Floor space, 31, 32, 343 
Foolproofing, 116-119, 307 
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Foot movements, 81, 86, 87 
F'oot pedals, 107, 109 
Forces: 

clamping, 448-479 (see oho Clamp¬ 
ing, forces) 
components of, 464 
cutting, 453-458 
clamping reactions to, 459-462 
drilling, 466, 457 
metal stamping, 350 
milling, 454:-466 
single-point tools, 453 
directly opposed by supports, 437 
reactions to, 459 
Forms: 

estimating, 212-217 
process planning, 263-259 
specification, 29^298 
Founding ofierations, 323 
Foundry jiads, 302 

Foundry production-estimate sheet, 
177, 213 

Freedom of workpit^ce: 
restriction of, 371 
six degrees of, 370-371 
Functional depreciation, 24, 57 
Functional layout, 143 
Functional surfaces, 282-285 

G 

Gages, 248, 263, 269, 271. 
bevel-gear checking, 390 
definition, 418 
deflection of, 435 
economy from, 127 
flush pin, 128, 422 
kinds and types, 418-422 
simple, 128, 129 
Gear: 

aircraft, 314 
element^ of, 403-407 
locators, 402-409 
shaving, 83-85 
teeth, 403-407 
Grinding: 

accuracy in, 120, 121, 421 
estimating time for, 226, 227 
Grooves, dirt, 440, 441 
Group method of tool design, 413 
Guards, safety, 137-142 

H 

Hand: 

as a holding device, 104 
movements, 81, 85, 86, 96, 112 
Handles {see Control levers) 

Heat treating, 325 


Heavy work. 111, 112 
Height of work for convenience, 105, 
106 

Hole spacer, 64, 149, 150, 470 
Human fatigue, 105-110 
Human limitations, 116-121, 441, 442 
Human strength, 473-475 

I 

Improvement of product design, 298 
Indexing: 

base, 86, 110 ’ 

devices, 126, 415 
dies, 418 

jig, 110 
table, 112 

Indicators of critical areas, 311 
Indirect costs {see Costs, indirect) 
Inspection, 248, 249, 442 
allowance for, 200, 201 
economy of, 127-129 
for safety, 136 
Instruction sheets, 256, 257 
Insurance, 27, 61, 175 
Integration of cuts, 41, 121, 124-127 
Interchangeable manufacture, 41, 246, 
258, 265, 288, 369 
Interest, 26-27, 60, 176 
Investment, 20-23 

J 

Jack supports, 436 

Jig boring machine, 152, 264, 289, 290 

*^Tox, 115, 124-129, 416 
cradles for, 126 
definition, 415 
elimination of, 64, 149, 470 
indexing, 111 
kinds and types, 416, 416 
lightening, 115 

universal, 119, 120, 152, 382, 416 
welded, 115, 145, 150, 379 
Judgment, need for, 9, 45 

K 

Knee clearance, 105 

Knobs, 109 {see oho Control levers) 

L 

Labor cost estimatiifg, 185-212 {see also 
Estimating costs of labor) 
Lander, L* C., 261 
Least points, principle of, 376 
Length of cut, 201 
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Life, equipment, 23, 24, 149 
as an index of value, 56 
critical, 54 

limited by upkeep costs, 57 
minimum, 54 
physica-l, 55 
product, 344 
serviceable, 55 
Lifting devices, 111, 112 
Lightening of burden. 111, 114-116 
Limits, 268, 269 

Line layout of machine tools, 143, 248 
Loading, work, 87, 89, 96, 137-140, 
187, 328 
Locating: 

aids to, 81, 87-91, 103, 302 
and clamping, 448-450 
cylinder blocks, 395 
fundamental arrangements, 379-407 
in critical manufacturing operations, 
324 

in fixtu^^s, 104 
in tievin operations, 325 
planes, 374 
points, 373 
principles of, 369-411 
purpose of, 247, 369 
radial, 394-399 
relation to clamping, 448-449 
requirements for, 369 
rough workpieces, 324 
surfaces, 97, 324-326, 375-377 
3-2-1 principle of, 374, 386 
Location of levers, 109 
Location of workplaces, 105, 106 
Ijocators: 

access to, 440 
buttons, 134 
centers, 390, 391 
conical, 390-394 
cylindrical, 94, 387-390 
design of details for, 94, 134, 135, 
369-407, 425-435 
diamond pin, 397, 398 
dual-pin, 395 
gear-tooth, -402-409 
mean, 399-402 
pins, 91, 395-398, 461 
plug, 87, 93, 94, 288-290, 387-390, 
395-398, 461 
radiaL 394-399 
should be fixed, 382 
tapered, 390-394 
V-type, 379-386, 431 
pomtions of, 386 
principles of, 379-383 
proportions of, 384-386 
wear-resistant, 134, 150, 432, 433 
wedge, 402 


Lot size, in production: 
economic, 65-69 
factor in machine selection, 344 
influence on tooling, 65 
tooling for, 60 
wide choice of, 68 
Lubrication, 135 

Lugs for locating and driving, 302 
M 

Machine hour rate method, 30 
Machine layout in plant, 143, 248, 356 
Machine time, estimating, 186, 201- 
207 (see also Estimating costs of 
labor) 

Machine tools, 414 (see also Equipment 
and tools) 

automatic; (see Automatic machines) 
capacity, 344 
catalogues, 345, 423 
characteristics of, 187, 328, 342 
life of (see Life, equipment) 
power-driven. 111, 112 
rapid traverse on, 96 
selection of, 328-360 
advantages offc^red, 355 
availability, 15, 144, 356 
capacity required, 345-355 
costs of project, 343 
determines operations, 328, 329 
nature of work done, 329-339 
operation tenure, 340-343 
power requirements, 352-355 
workpiece characteristics, 339-340 
standard units for, 155-160 
wear, 435 

Maintenance, 32-34 
costs, 32, 33, 57-59 
economy of, 77, 133-135 
estimating time for, 207 (see also Es¬ 
timating costs of labor) 
of power presses, 136 
Man time (see also Estimating costs 
of labor) 
allowances, 199 
Mandrel, tapered, 394 
Manual labor, heavy, 111-116 
Masks, 144, 441 
Materials: 

costs, 175, 179-185 (see also Estimat¬ 
ing costs of materials) 
reducing, 307 

effect upon machine tool selection, 
340 

handling, 143-144, 248, 356 
relative part of total cost of produc¬ 
tion, 179 

specifications, 310, 325 ' 
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Materials (conVd): 

wear-resistant, 150, 431-432 
Maximum hole practice, 272 
Maxwell, Clark, 373 
Mean locators, 39^402 
Mechanical advantage, 80, 109 
Milling machine, 17, 86, 101, 122, 132, 
159 

Minimum life, 54 
standards, 55 

Misalignment, 387, 388, 395 
Motion economy, 79, 81-105 (aee aho 
Economy, motion) 

Movement: 
in space, 370 

of material, 143, 144, 248, 356 
Movements, short, 96-99 
Moving heavy w’ork, 110-112 
Multiple cuts, 121, 124 
Mutilation, workpiece, 144, 304, 44^ 

N 


Nest, locator, 392 
Nuts, 100, 109 

0 

Obsolescence, 24, 55 
Operation: 
yarding, 137 

instruction sheets, 256, 257 
setup: 

cost, 21, 34, 61, 175, 344 
economy of, 131, 132 
estimating cost of, 186, 188, 189 
sheets, 253 
Operations: 

arranging, to minimize elements, 78, 
79 

assembly, 327 

classified according to specialties, 
327, 328 

combination of similar activities into, 
328-360 

combining, 41, 79, 121-127, 324 
critical manufacturing, 324, 363, 364 
dependent on machines used, 329 
determining makeup of, 322-362 
determining sequence of, 363-368 
elements of, 78, 79 
for estimating, 186, 187 
enterprise protection, 324 
foundry, 323 

nature o^ as a condition of tool de¬ 
sign, 422, 423 
placement, 325, 364 
reducing number of, 307 


Operations (conVd ): 
tenure of, in machine selection, 340- 
343 

tie-in, 325-327, 364, 365 
Organization: 

of tool-design department, 413 
of tool room, 233, 287-289 
place of tool engineering in indus¬ 
trial, 5 

typical industrial, 4 
Over-all comparisons in estimating 
costs, 175 

Overhc^ad costs (scv Costs, indirect) 
Overtravel of cutting tools, 201 


P 

Packing, 175 
Painting, 175 
Penetration, percent, 351 
Perception, advantage of, 41, 116, 120, 
121, 247 

Perforator, 232, 233 
Performance factor, 207 
Personal needs, allowances for, 199 
Physical life, 55 

Physiological traits, 107-110, 473-474 
Piiich, 392, 449, 459 
Placement operations, 325, 364 
Planes for locating, 374 
Planning: 

one part of tool engineering, 9 
operation-sheet, 253 
practices, 253-264 (see also Process 
planning) 
stages of, 243 

uses of information provided by, 259, 
260 

Plans, formation of process and tool, 
261, 262 {see also Process plan¬ 
ning) 

Plant layout, 4, 7, 143, 248, 356 
Plug locators {see Locators, plug) 
Positioning, workpiece, 103, 105, 113 
{see also Locating) 

Power: 

cost, 21, 34, 43, 60 
for metal cutting, 354, 355 
for metal stamping, 352-354 
presses, 345, 350-354, 417 
transfer of, 41, 80, 111-114, 247 
Preparation jieriod for tools, schedul¬ 
ing, 8, 233-235 , 

Pre-positioning of tools, 82, 93, 95, 98 
Presses, power, 89,, 136-143, 148, 149, 
345, 350-354, 417 
dies for^ 417 
estimating time for, 227 



496 


INDEX 


Prevention of strain and fatigue, 105- 
110 

Prints, production specification, 295 
Probaole tolerances, 483 
Problems: 

chief tool-engineering, 10 
of economy, 40-75 {see also Economy, 
problems) 

Procedure, outline of, for tooling for 
production, 6, 261, 262 
Process and tool plans (see also Process 
planning) 

contents of, 249-251 
Process planning, 9, 243, 244 

contents of process and tool plans, 
249-251 

determining operations of a process, 
322-361 

determining requirements and con¬ 
ditions for, 295-321 
for economy, 77-171 
formation of process and tool plans, 
261, 262 

design changes for, 298-310 
investigation of specifications, 298- 
310 

manufacturing principles of, 243- 
252 

control of quality, 248 
division of effort, 245, 246 
expression of objectives, 245 
economic justification, 249 
interchangeable manufacture, 41, 
246, 265, 369 

materials handling, 143-144, 248, 
356 

utilization of tools, 80, 247 
outline of procedure, 261, 262 
practices, 253-264 
conditions affecting, 253 
details of expression, 257-259 
extent of planning, 253 
operation sheets, 254 
operation instruction sheets, 256, 
257 

routings, 254, 256 
tool order foriiM, 255 
use of information from plans, 259- 
260 

qualifications, 261 
specifications for, 295-298 

261, 294-310 
second, 261, 322-362 
third. 262, 363-368 
fourth, 262, 369-410 
fifth, 262, 423-442, 481-488 
significance of, 243, 244 
Process sheets, 253 


Procurement of tools and machines, 7, 
175, 412 

Product design, relation to tool engi¬ 
neering, 6, 7, 298, 299 
Production costs {see Costs) 
Production efficiency improved, 243 
Production estimating, 178 
Production planning, 175 {see also Proc¬ 
ess planning) 

Production rate, 344 
Profit, 12, 26, 61 

Project method of tool design, 413 
Proportioning clamping devices, 477- 
479 

Protective arrangements, 137-139 
Punches, 232, 233 


Q 


Quality in a product, 249 
Quantity of production, 310 {see also 
Lot size) 

as it affects machine-tool selection, 
340-342 

Quick change adapters, 132 


R 


Radial location^ 394-399 
Range of machine tools, 345 
Rapid traverse or feed, 96, 104 
Reactions to cutting forces, 459-462 
Reamers, sizes cut by, 272 
Redstration and location, 377 
Relative importance of man and ma¬ 
chine time, 206 
Repairs: 
ease of, 133-135 

economy of, 133-135 {see also Main¬ 
tenance) 

Requirements and conditions of a proc¬ 
ess, 295-298 
clarifying, 298 

Resistance to wear and abrasion, 431^ 
432 

Resultant tolerance, 278, 280 {see also 
Tolerance) 

Rod, connecting, 382 
Rob, Prof. J. W., 60 
Bolls, gear-tooth, 405 
Rotation of a free body, 370 
Route sheets, 254-256 
Routings, 254-256 

Ruggedness and strength of machine 
tools, 345, 350 
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S 

Safety: 

l)egms with tooling, 143 

cost of lack of, 136 

economy from, 135-143 

guards for, 137-143 

of controls and mechanisms, 137- 

142 

priticiples of, 137 

protection against moving parts, 137, 

143 

working zone, 137^142 
Scheduling, 243 
Scrap: 

allowance for stampings, 182 
disposal, 130, 131 
loss, 179 
’Selection; 

from simple alternatives, 13 
of machine tools, 328-360 («ec aiso 
Machine tools) 

Selective assembly, 276 
Sequence of operations, 364 
Serviceable life, 55 

Services, auxiliary (see Auxiliary serv¬ 
ices) 

Servicing (se^. Maintenance) 

Setting cutting tools, 430 
Setup (see Operation setup) 

Sharp edges on clamps, 392, 449, 459 
Shear, 350, 351 
Simplicity in tools, 145-149 
Simulation, 41, 80, 121-124, 248, 342 
Skill, transfer of, 41, 80, 116-119, 247 
Space; 

for operator to work, 105, 106 
rate method, 31 

Specialization (see Division of effort) 
Specifications for production: 
investigation of, 298-310 
nature of, 295, 298 
Speeds, cutting, 18, 72, 203, 204 
Spider, universal joint, 319 
Spoilage, 179 
Spring center, 392 
Standard die sets, 154 
Standard hole practice, 271 
Standard maclune units, 155-160 
Standard shaft practice, 271 
Standard size, 268 

Standard tool details, 145, 152-155, 
185, 228, 425 
Standardization, 246 
Stock allowance, 483, 484 
Stock removal, uniform, 324 
Storage, 309, 324, 363 
Strain, prevention of human, 105j 110 
Strap clamps (see Clamps) 


Strength; 
human, 473-475 
structural, 116 
workpiece, 301, 450 
Strokes of punch press, 227, 228 
Studs, 181 
Supports; 

adjustable, 118, 436-438, 451 
for cutting, 43^438 
Surfaces: 

atmospheric, 282-285 
clearance, 282-J2S5 
conditions for clamping, 452 
conditions for locating, 375-377 
comporiite, 286 

critical, 285, 310 (.see also Critical 
areas and surfaces) 
finished, 375 
functional, 282-285 
locating, 97, 324-326, 375-377 
machine-tool selection dependence 
on, 329-336 

requiring registration, 377 
rough, 375 
semi-finished, 375 
Sweep guards, 137, 140 


T 


Tapered locators, 390-394 
Tapered shanks, 393-394 
Taxes, 27, 61, 176 
Temperature control, 439, 440 
Terminal points; 
of a workpiece, 285 
of an operation, 363 
Tests for critical areas, 312 
Thermal expansion, 438-440 
Thought, transfer of, 41, 80, 116-119, 
247 

3-2-1 principle of locating, 374, 389 
Tie-in operations, 325-327, 364, 365 
Time study, 186, 187 
Tip-over device, 113 
Toe clearance, 105, 106 
Tolerance, 247 
charts, 484-488 
analysis by means of, 486, 487 
form of, 486 
purpose of, 484 

remedies for difficult situations, 
487, 488 

definition, 268 « 

forms, 26^270 (see also Tolerances) 
practices for design, 271, 272 
Tolerances: 

accumulation of, 278-281, 377, 482, 
483 
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Tolerances (cont^d): 

and machine-tool selection, 336- 
339 

bilateral, 268 
for drills holes, 270 
for punched holes, 271 
for running fits, 274 
of gage making, 424 
on tool drawings, 288, 289 
probable, 483 

resultant, 278, 280, 377, 482-483 
selection of, 273-277 
toolmaking, 424 
unilateral, 269 
Tool: 

construction costs, 145-165 
defects, 135, 424 
design, 412-446 

considerations of, 422-442 
definition, 412 

department organization, 413 
procedure, 413 
responsibility of, 8, 412 
role in tool engineering, 9 
drawing dimensioning, 287-290 
engineer: 
duties of, 5 
interests of, 299 
responsibilities of, 12, 77, 412 
engineering: 

analytical approach to, 9 
background of, 2 

basic economic principles for, 12- 
39 

chief problems of, 10 
definition, 1 
divisions, 5 
evolution of, 3 
industrial function of, 5 
relation to product design, G, 7, 
298, 299 

solution of basic problems in, 12 
two major parts of, 9 
typical procedure of, 6 
estimate sheet, 177, 217 
life, 149 (sec also Economic tool life) 
making^ 8, 145-151, 233-236, 287, 

tolerances, 424 
order form, 255 

planning, 9, 244 (see also Process 
planning) 
l)enefitB from, 244 
room organization, 233, 287-289 
sharpening allowance, 200 
Tooling: 

influence of lot size on, 65 
outline of procedure for, 6 
problems in economy of, 59-65 


Tools; 

building long life into, 133-135 
building skill into, 116 
cutting, 417 

design of product to suit, 305, 306 
dual purpose, 87, 152 
economy in construction of, 145-149 
estimating costs of (see Estimating 
costs of tools) 
loose, 95, 97, 99, 135 
multi-purpose, 87, 152 
principles for getting economy in, 80, 
81 

scheduling preparation period of, 8, 
233-235 

setting cutting, 430 
standard details of, 152-155, 185 
strength of, 423 
universal, 119, 120, 152, 416 
utilization of, 247 
Tracer system in tool room, 234 
Transfer machine, 166 
Transfer of power or energy, 41, 80, 
111-114, 247 

Transfer of skill, 19, 41, 80, 116-119, 
247 

Transfer of thought, 41, 80, 85, 116- 
119, 247 

Tray, w^ork loading, 89 
Trigonometric functions, 385 
T-slide parts, 282 
Turning, chart for time of, 205 
Turret lathe, 47, 121, 131 


U 


Uniform minimum hole system, 271 
Unit construction, 156 
Unit of production method, 29 
Upkeep (see Maintenance) 


V 


Valve: 
cap, 317 
guide, 221 
push-rod blank, 181 
Variations causing errors, 423, 424 
material, 424 

workpiece, 118, 324, 327, 424 
Versatilitv of machine tools, 165, 343 
Vise, 414,“ 449 
foot-operated, 87 
hand-clamp, 240 
special jaws, 130, 152 
V-type locators (see Locators, V-type) 



IND&C. 


4SI9 


w 

Warpage, 301 

17Q 

Wear, 'l34, 150, 426, 430--435 
size of surfaces to resist, 432 

We<ige, 402, 403 

Welding, 14, 15, 115, 116, 145, 150, 
379 

Working zone, safeguarding, 137-140 

Workpiece: 
disposal, 90-92, 96 
freedom (see Freedom of workpiece) 
holding, 301 


Workpiece (conVd): 
loaaing Loading, work) 
location {aee Locating and Locators) 
mutilation, 144, 441 
positioning, 103, 105 
restriction Freedom of work- 
piece) 

size, 339, 484 
strength, 301, 450 
variations in rough, 118, 324, 327, 
424 

workable condilion of, 327 
Work space, 96 
Wrenchi^s, 95, 100 





